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Chapter 1
Introduction
"'11'1",. ill'" luin"l'r""".~.~"f L",·!II1Uh'.l;,1" J';lI'" Ill;"l,- ""\'"lllti"lIary ;1,II·illll·"nU'lIl~"II til,·
,1('.<i~1I ;m.1 n'lIlr,,1 "f ,·j,'rl,l'i<' lllul"rs, As;, 1'<'slllt. tlL,- I1Sl' "r ,'UIII""1I1i"lIal d,"'ll'i,'
11"')'11' lw.< IltlJIIO'nm.< ;1,ln'1I1;t~"s ,,\',,1' ,)1.11<:1' ll!ot"rs prilll"rily ,I'll' I" th.' "I,s,'n'.,. "f
<11101 illaIJilil.\' '" "1"'l'ill,' ill ('xplusiw "lid "onlaminill"d \·llI'lrOllnU'lIls). Pi\IS mot.ors
til<' ,'as" with i'I,1'l<"ll'11\ lllol"l's. I>~l~ 111l1tors ;"",, sl'lwrior to ti'l' "<llll",'lltioll,,1 II'in"
,-[imi'lal,,-,I i'llllt' r.,nlll'l' II'hidl rt'Sl11ls ill I,ll'" 1'0\\"'1' I'j<s ;lml !l·ss C:UI111Ih'x motu!" dri""
dt'sigH. TIH' ,'oulrol n{ \'~IS lll"lors is .IUll'· "lIlin'ly Ihl'''l1,L:h Ill<' st.ll"I", sill ...·llwl"<.
is 110 pro\"isiol1 {or folof Sltk l'xritilliulL cUlllnl!. \·..rlol" ",mlr,,1 1l1l'11i".1 is p,"Il,·rall.,
suggCSl<;'(1 fur t Il,· \·al'i~lhh· sp,~',1 I'~IS Illl,r "l' ,Il'i I',,,, \\'1",1'" III,' sl,,~,.1 '11101 n 'I' 'I" I" ,~il;. 11'
illforlllal,iull IH,' 'I~,·,I ,IS tI,,· rn',l1'l,..k "'11111',,1 "r tI ....11'1""'" \""'1,' .. ,',01111'1,11,,01 I'~IS
motor rlrl\"(' Urr,'fS ;1 Illllltlh'r uf arll";wlln' (.,,,rllt','" sl ...1i as SIII,,,oIli "I"'t'.,ti"u,. "I .1
factor arlllrul1\!lII"! elrl"\' tl .."ip;lI.
1.1 Brief review of n1otors in ch'ive systems
III mo:;r, lI1<H1crll ,Irl\"(' sy~Il'lIIS. I-,\'I';,·all.>.k 1110,1."1"". ;,.. ;1101, ...1;,>11 ,md :,.1"1" l,n'I""'.S
moturs an' wid"ly 11,".1.
DC motors
ilild tOftll'" ellll lJ<' nmlr,/ll",j ''''II/'fnl,'l,\" 1,.\· ilrtllalll ... ' HII,I lid. I nln"1I1.,. 11"\\""\"'1".
the main Ilmitatiolis ilS,t'flal<'d wltli III" ,k 1I1"1.,"'S an' .lili' I" II ... <"OlIllIllIllal"I" alld
hrllslw,~. 1.l1'(i\lIS,-' ur rr)("'halli'~lli rl'idloll l,dw""II' IlItIlUUlt"t' "Ild tl ... l'l'w,lto'.'. tlll".,."
nlutUI"S rC'I'lin' fl'~III;II' Illiliul"llalln' 1111') rn"III<'111. l'I'I,la,','rlll'III..,r Imlsll<"'. SI,arkllll'. IS
a COtlllllV1l IllwllUlt\"llon /11. lilt' I'fusllt's wllidl lilillt, 1.l1" !",w.'r l'lIl,illl!",fd", 1,,,,1,,, ,,1,,1
j~s Il~C in cxplo,i\"l' "llviroJ))!l"lIt..~, H"""lIt1)', d",'Lrollir'ltlly ""llIlIllll,aL.·d;... 1"'l'IIlall"UI.
liOllal de lJ1otors ill dJ'lv" syst.,~ru.~. Thes<' ,,,". ;)<'I.Il'llly 1',,1.Yl'lt;I.~.· syltdll">tt"", Itl"I."1
with p{~rlllall"'lIt magnet rot"r. Tlw lJlotOI', an' "x,·it,·,1 I,y p"w,',. ""ll~"rl,,'l's Itlillr.illl'.
lllyristors or IH,w"r lrallsi"1.,,r, all'! sllllf1. I'w,il.i'!lI '~II<"",J'·I"S. OIl" 1",,1,1"101 will, 1.11""..
AG illducLillll IIlOlors
t\{' i'l.I'wti"lI rn"l"rs ;,n' ,,,'ill.r, wi,I"ly ,'rnlll"y,~1 ill ,Irill' "y"l"lll ,III" '" 11r., "implkil.l·
IJl,w.'r '·',I,v,'rl,'n. .• li.l\it,,1 nllll,.,1 1,'I'i,',,~, "v, Ilu\I','n'r, ,Iu,- lu "lip /:// l,~~s,.,., tlr.-
Iranlllnli,'~ ",'i~ill;",,',t rrUlt1 '1r"I",\\','r ""III"1'I'l.,'1". :-'lun~,\·,'r. 1,,';,llillll' iml'lt'lIl"IlI;lli"n
SY'll'h"'lllflllS"lutors
1•.1' .<lIit;1],:.\" 1Il'"llllill~ 1I.'r1lHIII1'III 111;111.'11'1 1l1alt-riills in l.1w I'lI11Ir. F,'rrit" ;111.1 rilW
;In' l'llllllllt'nly II~"'[ h"";'Il~" "f II", lull' I'tl~l, l,ul llll' t,lT(' ""rlh~ ill,,1 .\ rill PI' 1"'TlIl;llll'nl
l1Iagll('1 illl/H'llgll L'pry "xl",t1~i\'c" I,ll,,\\" lolr.!.\l· n,lll<"l i"11 ill ,\,·i.c.11I .11I'! .i/.·. )""',111«' "I
lltC'ir I:,rg,' ,'""n'i,',· forn' ;'1\,1 hi~11 n·llllllln,','. TIll' ",1,,111,,1' ;I,I'·"III;.~,' "f I' .\lS 1,,,,1,.1' ,_
inCUI'PL'r loss. 'nIL' hil~i,' ,",mlr,)1 ~lrlll"K"I,f 1111' 1'~lS Illl'I •• r ,ll"i,',· i~ I,. "I"'1':II"lh,'
('Ollst.alll tt'rmilwl 1'"lt",I:;I' alml'l' Llll' 1>;,~,' ~I""',l, III 1111"I"1'I1 I' ~IS ,Iri"" s,Isl"llls. ",'1"1
,'olllrolllwlholl i~ IIS,',ll" ",mll'lll Ll1<' ~p''l'd 1111111"1"'111<' "f lilt' IIh,I"r, tn Ihis "",,1,,01
fur 1\~e ill llll' dri\'" ';,I'sl,'·lll. F"r I"w ';1'...,j and ,',,"s1 :,nl l"n!,I" "I ,nat i',n, 11\1' ill""!'I"1
sp,,·.1 "I' nmslillli IIlJr~"I"J\\",·r"I,,'r'lli,,".11\1' illl·"I'I.·1' ,·"lla!!,,' is al. i1.s 1I1.1~ill"IIII.,",1
II,,· n'\\IlI,ll,i,or, "I' II", ~lal"r '·ur... ·111 1011,1 "ir·)!."I' 11'1>; is I"st. !-'i,'I,1 1I"'"k"I,il'~', ""'11",,1
"olitrolll'd frulll 1.111' rutur sid" Ilf l.1\l' I'.\IS !II"\'''I', II d"IlIIl).!,)",1 i""il·1!. "llrWIII i" I',"II'"I"I<-c!
in the rol,ur ref'~n'lIce frHIll<' axis ill "1'01"1' I." "I'l'''s'' 1Ill' 1"'1'111;11,.."1 lllill!,lll'l 11".\. Sll
1.2 Problem statement
V,,"lor conlrol 111t'Lhu,lllils 1""11 IJ!"'IJI)~",I I." "'ml,r"l tl", 1':Y1S 111"1,,,1' ill Illi~ l'I'",'·n!.
,1C't,~,:1 iUII. Din:cl, I'ut"r IJllsili'l11 ,1..1"''1.1''11 1",'lilli'I'l" is ,,!)!' ~'HII 111.·t,I""I. 'I Jli~ 1""11
Ui'l'l!·lIS<'st;,,·J"'·W·I"!r;,t"rs. 11;,JI,·lf'·'·l"],·llII'uIS.IJpli'·aJ"rill<hwl;\·'·'·IJllplill!\s'·llsors.
SlhSlul"Il11!.<·,j <'!I'",,,I"I' "I' n·.'>f'j,-"l'. TI... liS" of tlwM' lIwdmlli<:al s"lIs"rs IIwkl's the
;'s till" Slllllll<'l'silol.. mot"r dri\·.·. tlI"S" sl'lIs"rs aw tutil1Jy III1S"itilhl,' fur liS", Thlls
;'11 illolir""l IIII'1ll"" "r rob,r ],,,siti,,1t d'~l('r:l;"11 whi,.], ,h~t"rls the 1''''''1' positioll 111111
f111.~ /iubl-\"s alld sU,tor ill"Hd.;UI'"",~I. is il1\"f'sligill,Pr! [ur [Ill' 1·(·,·I"r ""ul.rul of P.\I,<;
,1"I""I,i',!1 1""h'li'II'" is kn"wll aSs<·lls"r1,".Ss rol.,.r p<lsitioll ,kt,·cti"'I.
La Thesis organization
This Ilwsis n""isls "r six ,.]';'I",·rs: ('h"p["I' tll'lI I,r'uvitl,·s llll' lil"I'<lllll"I,' SIlI'I'''y "r
S"IIS"r1,·ss 1',,1,,1' I".silillil "sli'jl;l1i"ll 1,·..hlli,l'l<'s alld t1l(' I'.\IS llIotor ,lril·". ('h;'I""f
J>"sili"l1 !""!'1I111b,,'. ('1,al""!' 1'0111' i'l<"lud,., lilt' sillllllatilJlI "f l'"sitiul\ s"tI.~url,'ss Pl\IS
111<,101' ,Irin' fur ,ldr"WIII, "'JlIli~lIf"l,i,,"s. ('hapl,'r Ii"" prm'i,I"s s"ttl<' ")(]Wrilll<'lI1.al
r<'slilis. ('hal""" .~ix irl<"lud,'s nn,,'\"siuus awln""J1111n'-'1l'litliuIIS !"IJr fllrtlwr n's,'an·h.
Chapter 2
Literature Survey
m:uult'uaUI"" 1'11,1 ''\~'II r'·I,liI... ·III.·Uls.
spt.'Cli\"'·\'ari"I.I.'S.ln llli> "ulltt.l.dr""'f!S. 1".1.1, 1I11'1""'I'Whll.l nux.",- run.ti",,",.'
"t]ll'rballll.\",·'" .."r'-">l,tr"IIII<·tl""I,li"I'!;'.I·S'·)('·'·1l'·lIl.", ..r"'JlI:'.l,.".,r"r\"."i;,I,r'·"I"..1
al" <It!\"l''' I,artincllirly ill ,II" ,'"'''' "r I'\IS mul,,!" "llIld"yillj!, IIU .. I<·fll "llti.- ""'I\""I'I."IS.
III vl·dufcolltr"l.h"tl, tlll'l'll>ls'·ilUp;I,. ilil'! til" mi'lo\lIil.uol,·"f r,JII""lIfn'uLIIi'S t,,, I,,·
,;olltl'oll,~d. that k lIlI.' ':l)rt"1I1. \Wl"T I,,,,, t" I,,· '·I1I1I,r{jII,~1. V'-"lul' """l,,,1 "I' ]':-'lS
motor is iml'lPllu'lIt,·,J wlll'lI th., ~ystl'rll \';'Tial,I,·,. ;,P" ll";oI,,,f"I'III.>,lt,,;, slIlwlu"I"JII,ly
talat;ll!; (rarn,- \\"111~rl' SillllSlli,ll,1 \·arial.I.·s ;'I'I""U' a..; ,j •. '1''''lIlit i,'~" Il,,> l,a,i," "",11,,1
w;1- i',
.',
FigulO' :!. 1: V",'I,'II' "'IIILI""l "f 1"'l"lllillH'lIl. lllill\lId s.VlI<"hr"ll<"I~ l11"t"l
sl.l'at,'l:.\' issli"\\'ll ill Fi)!,. :!.I. III lhisrolll.rulsdwllll'.llw "'1l1il'idelLlli"lrI '"IIT11'HI I,
n·;"I.'" ..xist ill iii ('1"011111<' r'll" lll!' ,1"I,{~'lilJn of rulul' positiun. TII"s,: canlw <'1I1q~lJri~cd
in; din.'I, I'""ili"u ';"lIsill).!; all,( indin'1'1 pusitiull SCllsitig. C'tJ!I\'('lItiunal mtur fJuSiliOl1
I,,·,.]micjll" falls Illltkr ,Iiw(-!. I'osit.i,," ~"lIsilig lllt'tllOd whicli is basl'd on tlll'lISf' of
til<'hu·.c;"!lO'ratnrs, [[all dr"I'L ..h'IlWll!S, optical 01' iudlldivc nlupling sellsurs, shaft
1Il"1I111,I,d l'lIru,kl":-: "I' n'Sol\"'~rs. TIll' II .. · of Llwsl' lllcrhallicitl ,,"IlS<))'!'; Illilkt's ,lrhO!' sys-
dril'<'s, tlt,·s,- 1.1'1''''' "(p",,i1.i"ll ,"'llS"l''; af'" 1111.~lIirahj,.. Tlms i:nlirt"CL pusitioll ,lctcetion
..r l,,)~iti"ll eld".-l ion i~ ha!<l"! UIL tilt' 1Ill'i1~llTt'l1l('nt or idt'lltitir,\lioli of some d('t,triral
illdnl'lalll'l''< ,'I ... \\'hkh prul'itll' illfHrltliltiul1 :lblJlIl thl' pusit~m of tIll' rulur nt illlY
instanl. This typ" or rolor II()~ili\J11 ,kll'<"lillll t< ...hlli'ln,' i~ kU"\\"H il~ lilt' ~"ll",rl,'''''''
rotor Jlosition rll'l,'clioll, SOl Ill' \\",·11 know 11 ililtl ''Slahli~II<',1 ~"lI~,l('I,'",~ r.'l,!!· llt",ili"ll
,1~t('Ctioll I",-huiljllt's whidl ;llrrad.\· ,'xi",l ill lit"l'illllf<' ar,' I.a",-,I lOll id,'ulili"illi"lIs
technique. SOllie' specific en:"ts "f ,.. k',-lri,·;,l 'luilnlit.i,,,, an' i,J"lllili",1 "'wll ".' llli,xilllUIII
\'aIUl'lIT zerot:rossillgsiu till' lI"a",··fllfllls"r ,·llan.~'·s inslal,'r il"III<"I;'ll"", "'lli"I,Il'Slll!
,Ille t.U'-UIIS"'I'I('I\,·",."flll" 1,;,rtinlla1'I",.,iliulI"( 1.1,,' 1"1,1,,1'. '1'111'''''1111'11""1,, aro',illll.I,·
all']llIi\r1,,'illll,I"lr1l'lIt,',1 Il",in.l\lo,\\" "".<l,'I"'·Ii"'lIi'·"OIIIJ",n"'lts. 11"\\"'\"'1',1\",,,,'1'1"1.1,
\'llriOllsspn'ds ,,( tlll'IIIl1l.ur. Flt, ..... linkag" rr",UIt!,1 i, ;,II"tl,,- .. 1"111'11' 1""iti"11 .I,'I,'.-li'lil
<:Ulllplllilli,," I,a","! n,t.OI' 1,,,,.i1.ilJlI,~I,illl;,lioIlS ilr"tll""'lllill~ v'·".\'I'''I',da,·/""·;,,,,;,'
ogy. Ilighly nlltlplical,,1 illHllilll" "OUSlllllillj!, "illt-lIlali,,"s ,'1111 I... p,-rfonrw,[ ill hi~ll
spee,ls Ilsing tlte> ,ligit;tl sip;lIn) r,nl"'~'~"". Tim;;. n,IIII' 1",.'iili"lI "iUI I,,· .1,-I.,,·t,·,1 ill
rcal Lime hy Illlalyzillg ph"",' ,'lln"lllS "1111 \',,11.;'1;"" \"'IT '·"IIV,olli'-IIII.\', lit parti ... ,
rotur position dctl'diull b 1l'~":S"llt'y l",""lllt'li MI ;,L\r;,rl.iv" fl'i,I,Ilr<' wlll'lI Il~illl!, r.lli~
in two ways: UI'Sl'l"1"/:1' )J<tsl',ll'lJI"r pilsitioll rld'·"1.i"lJ L"dllli'JlII~ i1l1,1 dill"'!. ""1111"11,;,
jI',siti,m dt't'~·l.i"f1 LI~,:hl\i(IIJ{~, all OI'S(~fVI:r is designf:..l using cstilllatt:..1 slat..'S sneh as
I.w" st~.t"r "lIl"n~lIls, r"t"l" vd""ily Itwl rutor p....Siliflll. t\ fccdba"k loop is IIse,l to
of 1.1,,' _~ysl,,'nl. Ik':;lIls'~ "f it.,:ralj"ll. llw wlwl,' systelll might, h,' sl"w ,HI,1 compll'.\:,
Oil 1.11" IJtlll'r 1i;1I1l1. it is Jlossihl" to I1S,' ,li~ilal sigual prOfessor l.1in,.;lly ltl delccllhe
posiliull "f Lll(' roL"r if th,' r,,[al iutl bd'\".~:11 Lh(~ fotor ]lo~ition 'U1l! Lllc sUItor wlriablcs
";<11 110' ,'Stil['lislll~l. TIIII.~ 1.1,,, in[lllt. "f the flrOCl~ssor wonld be C11rn'lIt:; and voltagl's
\VIIi)" tl,,: 'IIILI'1I1. w"1I1,111" rot",. I'l/sitjull ;'lId rutlJr .sl'l'l~1 whidJ ("ilil 1", Ils"d for II\<'
\',"·1.',r "'"11.1'<,1 "I' ;11' ,lr\\'I's s'l<'lI <IS tIl" p,'rmalWlIL 1l1"l!;lll't syllchrullu"S 1I1"t.Ur ,lri\~,
'1'11<' lirsl l'llrl "ItIlt"i,IS til" I"ritil·al n'\'il'\V till till' wurks"fs"lls"rl,oss rotor IIIJsil.i<J1l
dl'1,"I·till)l "f ill" ltIut.urs and tIlt' ~I~'IllI,1 p'lrt nllll.ains till' n~\'icws 011 till' \",,'lor conlrul
2.0.1 Wave-form detection technique
Tllis tl~'llllillll" IJ~l'S I'Mtind.. r r'llOlril,'t,'risl.il"s ofd,~.--lrical 1\"lVl'-f"rm whidl ,In' dill' 10
1,lll' 11I,~il.i"I1,"f tIll' n,I"f. Ill'I""'I,i"1\ uf I'ark 1'1111' and 1l1u,~iL<Jrillg d,;1I1);"S "fiu'!url<UlfI'S
fur 1.11<' ,'slilllal.j<>n Ill' 1',,1111" pusitiull l'hidly fll.l1ll1Hlcr thj~ rat"gor,r,
Blick I'mI' met.hod
This 1lll'I.IH"lnmsidns l.h;\1. t.11<' ph,(s,' "u!l\llllllalitlll of a parLicular pltasl' .~huilld llrl"Uf
wh"1\ tIll' hark "mf ,,( IhaL ph"sl' nus",'S till' :t.l'fO l'"siLilJll. It ,'all!ll' lllatlicmati..;dly
~Ih,wll Lhal Ihis :t.,'r,,",'m.,sill~ point is ;lrllil'\"l,d wh,'n tilt' Ll'rmillill \"ultagl' is ..qUill to
till' lll'ul.ral \·"It;\~". To ,,1.1 II lll<' ,'<>rr,~'t siguals for the bases of the trausislor ill-
\"('rl,'r \e, is llI~','ss;lry I" ,I,'lay tlii,~ p0illt lJy!1O dl'drical dt'grl'Cs, Firstly, the lenllillal
n,ha,.::"s \;" \~, ;'11,[ I: .. '" ,'\llll'l'rkd to Illl' lri,lllgular \\'aw-forllls throllgh low pass
'"
II,/'y',·--t>!'·
Fill,'!" .~l,,·I,i'lIl ('unl l,al'al."rs,',·li"H
Figllr,·:!,'2: ('irnl;t. fur ;.:,'nH'r"ssill.c. 011'11"li"11 "f 1.;,..k'·(Ilf IIi]
lilt..:nr <I... SIIU\\'1I ill Fi;;. :!."2. 'l'h"11 111'.,;0' \~.lt ..,r;('S ar,- sllifl,~1 I.y !1l1 ,-I,·,"I,i.-,,] ,I,·/.!,n~.,.
drive signals of tIlt" illH'flo'r. Tlw I"'rfurmall"" "I til<' wll..l.· ,ll"iv,·.s}'SL,o"1 b; 'I"it.· ...... l
,ld""1.i,m SdH'lrll:. [II ]Jilrtklll"r. I','aks uf VI)ILilg,~~ ""russ the lin' 1,llas,'" ;,11<1 z,'ro
q"ssilll!, "f I,,,,'k "wf ill LIlt' 1111"1 ... rgiz",j [,lia.~es ;,rI! sensl!r1 ;,nd illfurllla,tioll arc' ,,1,-
l"ill<~d whidl an' "lili;>,,',1 fur tl,,· t1"t.!,-!.ioll of rotur [JOSili.m wilh tlH' 11I;tt!Il'II1;,1 ic;r1
,·r.l!l"·ssi"tI~ !'1"'·M'lIl1·d. !lilir IlJ bas rt'[>"rkd iHI ,:xcdll.'nt fClltnn: of I,ark "llIfkl,'cl roo
IWltivo' f"rn') r1d"dioll lI~rhlli(f'1<' fIJI' il WO plla.~,· st.eppillg 1II0r.OI'~. TIl<: mul"r is
fllH'fi".• ~,l witll "III)' [jIll' plril~') "lll'rJ:;isl',j illI.I tilt' ulher ph;l~" is ('ulIIplr'I"ly 1111'11('.1
uff all,1 IIlaJ1,lll'tir;dly .I.'nllllll,·,j flHll1 llll~ ulI·pltas,·, The back ')r1\f "f tIl<' ufr-I'lra."l'
is d,'I,"rlllil"'" 1'1' lIU'a"'ll'iUl: iL'" 0(1"11 "h"'Hit \'oJta,~," Sillrt· 1.11<' l'ha~,' Will.lillg", ;!fl'
1'!I,Ysi.'all,r !l!l d"l;r'~"" it!';lrl. ;1 ,;irnl,1t- ,,,,illllsui,l;r! 1';I<'k 1~1l1f \'Olta.!.!;I' i~ d",,'rl ..1 IlSill,!!;
IIIl' ditr"rI'lilial ilillplifi.'r rirnli1.. TIll' ral<' of dl'r:«,. of CIll'f('lIt ill "If·phas" IllllS1 I",
sllllici"III,I)' hi,c;11 til "IISIH" LII;l!, 1.111' ~,"ro Hllssilig uf the hark ('Illf ,';'11 I", .II'iI','I.I'.1
;, .."il,,),),', [1Sill,~ ;u,al"J!.IIl' !'in'llils fur 1111' n"HlIs!.tllf'ti(,n uf hOick "IIII' \\'<I\,,.,fu1'111 till'
1,lla",1' \'"ll;,l!,"" ;\11,( "'Hr"IIL', a ",,'I hOld is ~t1gg('sl,~1 hy [{I\II ,\,: BIIII.~ [:II alill Si,·f"TI
PI I,,, nllllr,,1 1.1... 1,lIas.' ,'xril;d.ioll ill sHrh it ']lotur, 1\lllogllilll (.'"lllia", n'purkd all
;,II.I'1'llal,i",'f"1'111ufl,al'k 1'lllfrl'C\JlIsI1'lu·tilllll,·,·hniqlll' WIIt'Tl'til11l' CllIIS1.illlt wilh ;11111
with"l1l tlark "Ill! ,lnl' I." rtllatillil h;rs h""11 ""ll1llarl~1 allll thus fllllli"Uill ,,,,,'k l'lllf is
,-,;IIll1al.",1 f"r l'"t."r l"lsiliun Ild,.."ti"lI. Sillrl·,lala ill'I' .li.!(ilally Si'lllpll~1. lIlis 1lll'11t",1
i~ ,.'lalin'I,\' n"i.,,· fn~', li/,lIk;r ,'1. 011. (til ltaw illllJl'·II\'·IIl."'[lIlirr"l,rtln's""r nllllrull,',f
~"Il~orl,'ss hrllsld,'ss IlUlllIT dtin-s 11,ill~ t.he lIll'thori that pcrmils t.Il1' rl"ll'l'lnillir!,iuli of
]",rlllall,'II1. lIl;l,ll;llI'l syndl[uliulIS 1111,1<11' rotur posiLioli by lh,! hack "lllf illdll,.,~1 ill t.ll<'
sL;I!"r \\'ill,lill,C;, "1'11<'11' work I'XllI"ri,'un's a I'l'Lhack IUX'ilIlS\:! of the pmbll'rn 'if st,ll'l ill,ll.
[11 all1,t 11I'r pa)l,'r '\III'l~lIilli 17] lias pru)IO~(~1 It Il,"\\' WilY of IIlUllil,'I .. ill,~ Ifl.· I'ilrk "11 If or
l~
and full torqm' g"IlO'fillt·.1. In hi" "~,rk. Ill" ~llAA''''h~\lh"t lilt" \,h"",' \\-illdin~" I...
COlll1l'Ct.-d ill sU<:h a way so that I Ill' !!>"I\t"ral.~II,;lt·k "lIlf \."Jr~~,' ditf.....·,I1".· i" ,I ].air
of phase windings is 1101 a funrti'lIl ..r1,llit:.t' rurr"l,l ..r 1,11ll"" iml,,',lalln·. Il.~',·rr" ,'1
from rotor back l'mr for 1II"]"'flll'II1"II' Ina.~I"·1 "yndll11llt'"" n"".,r. 1n,I"'ir "",rl. ..,
thinl IIll<'xr;(o"\ willdill~ lHl~ rlll' illliui/t· illll', .. I... I'"'· 'liitl !II, ,'IIH1'lIt II"lI".~ IlIr"I'lIJ~1r il.
OIl till' l)~I"cr Irall,l. I',wk "llIr :...r.,,,~ Ih.· \\"ill,lill~ is .'a~ll.\" ,1.-1,'<'1",1. '1'1,,· ]"'''lli"" "I'
inrormillion.
l3ahlll1alUll9J l1alisIlAAt.-"iit,·.1 /Isuilill,I,'starliu.r.;,I.Il;.'r;tllll1 ""tlll,I" ,·,lIIs;.I,·r"l,l.·"I" .... \
Detection of rotor position by monitoring tile t'ha'll;l..~ IIfsl.:,Lnr 111.lllI'tal'.·.·
In this ,,_>tlm.1 "f"'·llsurl.ossr"l.o.rl",sil.;'",.I,·lt·.-tj,,". "JW"on """'111 l"wrl.·' t"
prol,,· till' I,llil.~" "r an fl" Illt/iur 11.1' "llt'nIHt.· s\\'itdlill~ t" 1:...II<·r"I,· .. 1", ,"'l"r"UI 1,111:-<.....
TIle shapo-'s or tltl' .·ur....111 [lIlb.", 'Ul' fl1l1,·ti..rr~ "r 1'11"<" illllu"l'"I"" '01111 I",n"" 1t,,,t"l
posilioll as SlrvWII ill FiJI;. :!.:l. ,\ Ill'ak nlrr.'trl 1,"I~' ,~ i~ r..IV'·1l I,y II ... r"lI"willl-'.
relationship:
-_:.~~":.
t~
1'","i"",IJ,.
11"11"", lilt, ~r ,II",. \\"ill,lill.t: ;11,11I,'I;'lIo'" is ;, fUlu"li"u I,f wi,,)" 1"lsiri.,11 .)1" p"nJ11l1I,'111
krlilli,plt']'.I' 1I1'0lIil"rill~llH' l,has"1'1II1"'1l1 siun' rlwr;ll""frhOlnj!,I' "fr'lrn'nt ,!<'not,I's
III<' in'"!"'III<'I"al ..11;'11.""- "f n,I"r ill,I'II"',lllt'~' "'hid, ill 1lll'I' ,Iirlal,'" till' 1",si1.i'H1 "f tIll'
TIlI,.r. Frus;lI\.ll\II" [1:11 hill""lls,·.1 tl",dlllTll'""fslalur ill,hwlalW" (Ilrlll<,,'Stitllatioli
,,( ro""r l",sit j'lll ,,( a .sill,d,· _";Io'k 1"<11';;,1,1,· wl,,,'!;,uo',· Illul"r. T1II'y n'p"rl,',1 Illilt tlH'
II
III alluLI...r 11.1I,,'r 1t.1· 1\11" /11/. d..r<iih~1 lllatlwlllalj,'al .",,,I.\',,i~ "f this 1IIl'th.. ,1
isgil'l'lL i1ml it is sltgg.'st,>,ltl' nl'lIIi'm llwI'urn'III "frlll'phi's,' w]li,'1i Ilil.< jll'" 1""'11
lurrH'oJ orf alld o,b" rll1ll till' III<lXIIII'11i1 I""id \',dll<' "f ,his ol,','a.\"III.":' ,'III'1'<'nl thl'''ll~h
the n~· hilrk ,-ir"I,i, I... "h",·n...d. On,- illll'"rl,1II1 ;"h·HlIlilJ!.'· "I' 1I,i" nll-tl,,,,1 is th.,t
;1 i.< "lIpli.-al.l.-l" I"w "1',....1,, "\"'11 ill "lan,blill wlWT<' tIll' 1..11"1. "'Ilfi,. i"si.l:,uiri",'I",
sill Ling ill nmsid..rH1>\"nl'"r. 11""'-;11',.)11'1".''; Ililn·sllj.tl:,.·,.l.<'d" .•\1111,1"111<'1],,,,1 ,,1"""11"111"
illdlw!,ll1n·l,y I'll bill."; it \·"IL;,.Co'· "II "Ill' of rll<' "'f,l'h,,,..... ;'11.1 UI<J'lit"l'iu,l; II... ",:<lIhil'"
(Urn'flt r/UllP'; [t.i,I'il. ('urr'-1l1 '·;I: ..,·,~I"" 1.I,n'SI",I,1 \":.1110' \\,1"'11 ",i,li"II1I" 1,,,1,,,"1,,,,,",·
,"aryi",.; II ... Ilm'SIIO,ItI. II... ,",m' n,ll"r '";"1 l,n~'i",·I"\" ....·l II ... swil' llilll~ .1l,.t:,I" "'Iii," I"~
""ll.s in ,I ("st,'r 1lI..I"r r''''I''''''''', EI,,,,,n! "l "I. [IiI 10,1\'" 1'f'':>4''II,~1 ,III "ll"rll"li,",'
frl'(IIIO'lto"y '·'lI', .. I,~1 "il1,ll,,1 ,,( lllO' I,l,;,,,,, in,lu."I"1"·'· ,','11 1,,- ,1,~,,,I",II,y 11I1.-.'.l'r...·.........I"
tlr all)' fn"I'Wn")"'l",,,,,ll,'';'' """"',Io'r ."irt'l,it l.. "I,l:till it ""h"~"I'''''I""li''II"ll''fr.·
'['Iellcy. In il pillwr 1,.\· l\ulkilrHi ;'11.1 EI,,,a,,i /I"iJ. It n"",·I,,,,,,iLi,," :-t'n""r .·Iiwill',li"u
ll.'Chni'JllCfor inh'rl"r I'crrmlllt'llllll;IY;lll'l "ylldlTltll,,"s lll"l",..lr!"'· is,.r"I",,,,·.I. I: .. int;
llUlI:C is tlu'll IISI·,llll ,·slirrMI.,· 1.1,"1",1,,1' I,,,,,il.i,,,, Willi 1,1"·1,,,11' "r;, I.".k Ill' l.i,I,l,-"
tl,,' dl;,rl.l!;'! "f .~I,il~"r ill,J'I.-tilll"" i.~ w,( \·.)ry n'li;,bl", l)('call~c in.I'lo:1allr." \'ariatiull is
",,'aSlln,.1 I,y I''''"suril'!.; IJ,,- rI'i"I.!!;" "f slatur ':',rrel,l ",lliell ill df.'do is not din,.·tly
.,1[",'1, "f I",tll ""'! "Is., 1"~''''ls,' till' 1';I"k "III[ al[,'/"I.s tll,'ph"s!: <'Tlrr"lll aL high sp"".ls,
2.0.2 Flux linkage lIlet.hod
I'.I""I~ "1 ;,1. II !IJ 1,:lV'- IJI"<'IJ(,,,~J " fl'IX lillk:,/!'" "sti,n"l i'J1I 1111'1.11",1 I" 1!,"Il"r:.l,,' Ill!'
1'1>1,,1' l'"sititJlIS Hr" d,'I"fllli,,,'.!. TI"'II lIlt'S" ,[;,t" 'H" .~!"n'd in " lonk-up l,,,IJI,,, 'I'll.,
I'st.inli,L.,d tlllX fillk,,!!,,"~ ...1lI 1", f"lIlld f1'<>11\ till' ff,lI<)wing rdilljullsllip Jlsilll!: IIU'ilSlIrL'.J
\';dll"s "r I'JI".~" ""II'IL'," ,,,,,1 nllT"lIl.
\~ =. .I (11- III)
sl"t'<~1 iliforlll;\l.i,," \\"il.lI " klllJl"1l I'h;ls,' ,·un.'nl I . ..\ nJilipilralul' as SIl,)\I'1i ill Fip;. :!,·I
.'1'0'1', 1,lIis lllL'llI"d s1lJ["rs fnllil rll<"'Snr"llI"lll ,'T1""rs at til<' <,xl.WllIo.' ,ulgl,'s of no-load
linkag.. I1H,tl",,1 wll<'ff' lilt' 1"1'111111111 l'"hilS" i1ud lillo.' nll"l'<'lLt.s an' Ils".1 with till' aim
"f ,'sLillli1lill!, til" win.liIL~ nux lil,k,,!:..'S. All'ad, l.ill1<.' sl"p, 'lsil'S Jln'\·i"n.s IHo.,.lictt:d
I'"Si1i"n in["nniLliun illLll tIll' !Ill.'\: link;,g.' I'"lm', LIll' lillt' ("urn·ut uf tIn- motor is l'sli·
Tllis luelh,,,1 ,,(rulur I,w,ili"u ,·,.,lill'illi,m is 1",.(,'r;,I,I,·I"·'·;'lls,· il is ';'1,;,1,1.· "r
2.0,3 Digital signal processor baser! mtol' Jlusitiull l'sl,ill!a-
tion tecbnique
Oh~cf\'{'r hllscd rotor p"siLioli l'still,ali"11 illl,1 Illi'·'·"I'I'''·'~'~',r ',I' ,li.c,iL;,1 ,.,i.c,llill 1'1'"
requircm~lIt for fast ,1ie;it;.1 J.r,,'·'·"''''''''''.
Ohs.!rvcr t,lls.~d rntor positiol1 cstirnlltions
lirlO'ill' i'iLat,- ,,],1"'1'\"'1" 1.,-r1mi'llH' ii'i 111',-,1 11)' Dhaoua,1i l'l a!. (:.1-11, Tlll'Y hill'!' Ils"d tIl\'
1"'i'iil,i"11 I',r 'lilly ui'ii".e: 11"'''SIII'<'IIl!-III.~ of rt\ul.or voltn.l!;ps illl,l ,'un,'uli'i, Tllis 1I"'l'k is
"ring;[ 1I1111l1u-r ur [;wlors \\"I,irll lIli,!!;hl. I'-illlto ,'rmr, illl "losl'r\'('1" i,~ pmp"s,-,l II'hidl is
1Iun-lill,-;,r ill l1ilIIlW, TIl!' hl",l diilgrilill "r if rotor posititJn llhs<'r\·,'r is s!lllll"ll in Fig,
:.!,!i, wlH'l'<- \:._ \ :,. ,:, illl,1 i~ ill'" kll<l\\'11 'illillitili,-s. Tllis Oh.~"l'l",'r IItili~I's till' d -"
'1'1", Illillil ,lril\\"I""'k "f I.llis "I,s,n·,-r hilS<'d rotor position I'sl.Illlillioll tl·('hlli'l'W IS
Illilt il i.~ I',-ry "<lm]!I"x III implt'llIl'l\1. in rnd l.ill~",
I:;
Digital siglwl processor lmsetl rotor Jlositiull l,,,tilll:.tioll
B'~'clll ,1,'q'It'!,ln"lIls ill .Ii~ilal "i~I1.. II,r"... -:;sil1J:. alill Itti,·n'lon"·'.,.... 'r I,., ... ~I "I,uln,1
(Olllp'ltillg It ... n'n! till\l' \';lrialllt'1'l;oS 1II"tso""lrr"1I1s"r 1,11;,"'- \·"11;,).:,,,:>. "\11"'11,1.:, 11"',,1
referf!1ICC valm'or 0.. •. Tlwf'rrur is al'l'li,~1 ttl I'rt.p"rli"I,al jUl"!!,r,,1 'I'll' ,,,,1,,,11,·1''' ;'1,.1
rdcrenr.t: currl'nLs arc pro<hw.',l ;...n.r<lill~ly. ('''IIlIHlrill.l1, ll... Wf'-I"-l"'" ,",,,wuL<. will,
Ilsiug Ily.~ll'rt'Sjs "urrellt I'lmlr"II,·rs. 1l,,,L,,r 1"lSilirlll ''Slilll',ti''" ",1"""" "f J"·'I"a,,,·,,1.
It!
/I,:
.lril"· ,·"llln,II.· ... III Ilu'il" w"rk. tb" 1",.~il,i"ll illrtJl"Ill<,ti'l!I is "I,tiOilW'] rnml il I",~itiull
,10'1.,"'1.,,1' II'hid. ,~"l1t'rill,'s a r"I1<1,!.:,'·' Tll(' J;"lll'rilt"d vult".!;" is prupUl'tiotlill to till'
Illi~-illi~lIll~·llt"r Ilw Ill''''! <ill,lll"1l,'k. :\ M·I1~lJrl.'ss pusiti"11 ,1,·L"'·",r is itlJSI'llt ill c,his
wurk,
..\ r"'r l't '1' i,' II' iII):, III!' ;11" 'I'" nl' 'lll'" Is,,r rut., ,r pus iii, III ,1,'1 .... 1. i. III. ii" "'1 liS I Ili~t
,,1III\l'I.I,,,,ls wilh 111l' ,'sn·pli.,n or t]ll' di.c,ilill sisnal pnw,'ssur 1':ls".1 ""tlIplll:ltioll1l1
tlll'lhoti "f r"l"r l'"si1.ilJII .It'I,·,·I,ion iln' "itlll'l" 11llsuitllh],' ror wi,l<' sllt;,~1 "I",n,tion of a,'
2.n,4 Ve(;t(lt' ctliitrol of per IIIanent luaguet synchronous mo-
t,OI'
:\s Illl'llli"l\l'd ..adi,'r. 1';o..IS Illutnrs ",111 Ill' ,·ulltwlJ.,,j \·l'c1.<lrindly pro..II"iol(',I th.. posi-
lilll! ;lilt] "Jl.~,.l "r ell<' r<llllr .. In' d,'l\'l'llli11l'd. III tit.. prt'\'iOllS M'I'tiollS. works 011 til!'
control of tlilrt'rcnl typt'S of a,' 11I"ltl~ wit I, lIlId wilh,,"1 I'":<ili",, ..... ·11.....,.,. hal' 1""'11
fevicl\'C'<1 arullill:,II.I· nmdllSitlll il' 11,;,.1,· ;,:<1"11"11.\' nlllll'"I"liuII 1",...·,II""'ili.OIl .... ·lO
and illtlUClioli lIlulurs in"orpoTI,I,ill):; lIliOTtJprll"''llSllr.~. Th!')" llill"" 11I'''I'''s,~1 IIi" \H'ltJr
control slratt:gy of :It: 1I1ulufS ill 1I s}"l1t'lmlllllllsly ....I:,tiu..:: fr:,utt· ilxi.s. ll11:ldr;,tnn' ;,xis
illliul,litiunal uq;..li\',-,lir<"·! i,xis'"UfTl'1l1 i.sl'Ol"~•.,..I, .. lllltJ\"-·n"tJlII.·tl ... lilO1ir."i"u ..(
tltO' In,"lximlllU "'rllli"al \~.JI;'l\'· "r II,,' Ilkll"r. ~I,.."h;,ni.";,1 .... ·ltSl.r~ 1o.,.",·I"~·,, " ...... 11, •
•1,·lccl till' rutvr positiun r;,tl",r tltll" II... '"'>lIn'l,t "f s,·" .. ,rI,'Ss "I"'f;,li,," "f 1111' ll~.I"r"
ha\'e Pfl'SC'lIlt'(l lllO' I·...·lur "11I1 "urn'1I1 '""1Jtr"I~'rs f"r 1"'nwulO'lil lIl;"":lWlloylwl,r"ll"lllo
mottlrs. A n:-Stl!l'l'r is pr"pust .. 1 III SO'liSO' till' pusiti"l1 "f r"l..r whid, i.. ;0II;,1.17~ .. 1 1'.1"
tlill';ital sit;Il;\1 prun-ssur Itt .;il·'· lllt' I",sitiull ~:iV.ll:t1. Thi"~ si~.wl is '''/II/'M,·,I \\"ill, a
refefCncc 10 prooJUfC o'Ollllllilll,1 SI'I .... 1. wllid, is ,"ollll",rl ..1 willi lllO' 1'1,;,1 ~I" .... I ;,,,,111...
,:rror signal is Ilsed 10 prill I'll;" n,r"n-Iln' '"'lrWlIh, 1;~illl1, tilt' '"lItr1'1I1 ",UII'.,ll'·I .•Iriv,'
signals uf till: illv,)rL,'1' itT!' W·lll'r~II'·'1. "j"'·Xil.S Ill~II'lIllI"IIL ,liJ,!,iLal ~iJ,!,II"IIII""":-s,"' ilo ,,~,"r1
illlhis work. qiilll awl II ah 1Il1l11 !:\fi) h,,\",' Tl'1'01'l"r111 VI·... "1" ,",>IIll'Ol ~1,1';o1"",~y "r 1"'111'"
lhis control sclll'lllc. a lllrhollll'll'r is OISt ..llu SO·W'.O· till' SI"",1 wlli.-1. i~ r,.1 lo ;, sill/""~
:!l
J;;'·III~ral."r 1.'1 !,f!ldlln~ til" dil'f":1. <,lid 'l'litllral.ure<Lxis currellts. TII(~ main rOlltrolloOIl
1""1' with I'll '·'ml,,.,,ll"rs '1lI,ltlH' sl"\\'"r "111.,,1' 1",,1' is wilh I'll) "<lIIll"ClII,'rs. Tlu'i,.
sill"d"l",1 I'"s'llb I",v,' 1"~'!1 Vl',.ifi"d '·.~I','rinn'lI1.nlly :\l"lslli "1101 Ohasl,i [:!Iil liaw
III U,is wurk T,\lS;j:!t!C:!:; T"Xi'S 111sl.rollll('nts di~ilal si~lIal pro.-:rssor is IIse.1 1.(1 irn·
1'1,'n"'111. I.lw '~I"',,d illlli 1"I1I'I""lIl "0111.1',,1 Srl"'ll\!' ill n'al time. They han' .stllfli('d th,'
ill. "\"'1)' sallll,Jill).!, ;,n,l SOl 1,1 ... nll,lr,,1 sdl<'lIw is hi>;hl,v ,""'lIral,', "/"11<' s,'IIS,,!"S Ils,~l
rur ,I<'t"'·lint.: till' ,.,,1.<11' 1',,,,it.i"l1 an' lI)<'o'IllIlIi(';,I. !ios,' alltl Szrz",sn)' I:!:l] hil\'" shuwlI
.si,t1lllal,',j I','slllt..s "r lIlin"'''''1I1IJltlf'l" hl's,-,l nllltrn! of all interior p,:rmalll'IIL 11Ia,L(nd
synd,ru'I'''ls In",-llill". 'rhis ,Iril'" sysll'lll ;nrl,).I,"S a n>lls1.alll lor'lllf' n'~iol1 wit.h Z"I"O
1'""sil,11' wil h t.his 1.1'1'" uf dri\",' as I",.sil lUll .111,1 sp,'"d ... ,utro! loops <In' ab.st'nt. III this
,!ri\'" s.\·"I"I'I, /In al""I'll,' sl,,,rt I,o,iti"n ,'n"o,h'r is l,rop"s,',ll" ,1t'l,'rl til" I",sili"n or
th,' wI"r. Naiolll '11I,lll ..s,' j:l1]llill'" sI11l,II"t"(['1 lu,silioll S"lIsorl,,:,s ]H'rlllillll'tlt. 111iI,v;-
111'1. S.I·lwhrolllul.S ,Iri\'" III'l 1.1\1'ir '-"l1lwl s.I"SI,'lll du"s Ilot. illt:orl'0ratfo tOrtll/" ",mlml
t111,tlh'd ill II ... r"n"lI'iIL).!, \l'Hy 1:1;"1: 'I'll<' hlm'k diagram of control SdH'llh' is sholl'tI in
Fi).!" :!.i. In lhis 11""l'k, 1.\1',) lin,'·l,,·lilw \"oltag,,~ 1111<1 11I'l) stalor ,'Uff<'tlls aI''' sl'llSl'd
;11I.1 I,ro,','s-'!'d ill ill! IIl1itlll,l;II<' ("1'111 If) Ill'lUlUf'" tllt' stalor !lux lillkil,!W \,(,,'101'. TIt,'st'
T0~~
.1,,;,1 ..., .I
Fi.L\lln· :.!.7: \",-,.", .. "'lIllro,1 ~dlO'I"" •• f 1"'1"111;'11"111 1";').!,III'I, ~.\·lwllr"'I''''·'
olrrcnls scllso'li ,Iin"'lly afO' "'"I'I'l.n..1 willi ro·r,·r"l""· ,'urn'lIb I, •. [1;\",>.1 'lIfT',-". "'!II
wurk rur Iwnllillwul lI1ilv"",l sylld,runo",s IIIlJl"r ,Iri\"~ wlll'w tli" ,·"n. "1" "f 1',~ili"l1
1,1lS till' problclll "r startilll.;. ;\ ~"I",rall' sl" "i.,).!, slraL"l:Y i" illl""I,w"'! wliid, "",k•."
the system clll11J1lmc
2.1 Summary
tj"n '~'·lIl\"rl,'S.~ 1"'flllarll:Il', 1I1H,l\Ild drin· whidl can bu (J1".r;.lt~1 al allY sp('<~1 without
VI-,·t"r "ol11.r"II,-d l",rn'illl'·lIl. 11I11.4,11t'1. driVl's. CUllljlutl\lioll \)as,)t! digit,tl signal prn.:es·
s"r illll'l"1llt'1I1",j rut"r ",~~jlicHl d,'tool'lillll lo'chni'jllc is prcfcrre.1 for this 1l1',lslmL work
I. IJriv.· nUl I... "1"'ral,~1 al ;Illy sl'.....1 withuut allY iul<litiolial st,\rtill,l; rin:uit.
_. B...·;I1IS'· "f InIIl'Tl'II1. 'lI"'UriU')' "f Llw .1it.itall\i~Il ..1 IIr"I1':'.'"01", tilt' I'IlIPU~ ,lrivI'
w"OIIoII ... \·'·r.\·,'lIio-j"IIL.
:\ Silln' """11" S 11Ii\t!WIII'I' jnd '"iLinda! ions ,'all Ill' ,'nrri"d ollL by till' digital signal
I'n"·I'~..."r wi1.hin r,,\\' 1I'.I1l) .'1"·"l)oIs, fasl. Il'SplJllSl' dri\"I' ~yst.('11l is p'l,ssiblc in this
Chapter 3
Analysis
lilcrl\llln- fur tlw ,I,'t''''lj"n ,.r tntur ".,siti.lIl. l,'ll ''''II'I'III.. tj'II' 1",,.,.·.1 "'"""rI.'S.~ t"t••r
sign"l l'fur,'ssor. ,\ ,-'ml]l.... t f"nll "f r"tur l'OIs;lj'lll .1,·I",'li,," Hh~"rilll1" i~ l'"s~il,l,·
fur \"'1'1." .. rUlllfl,l1, .. II,,·rnl<t1lt'1I1 111"~IH'l syllo:lrr"lllJrIS rrl'lll,t ,Iriv.·" wI,,·!> til!' rlll,l"r i.,
lIIodcl!,'d ill il .~}'rlt:hr"IlI)II.~I.1' rill alillJ.: n{"fl'/ln' frilllJt' Of 11'1'''11 til!' -w,..l, illl' •"lll;,li"l1~
ar,· cxpn'!'~l',l ill Park's l,r;1l1sforlllati"lI. III "rd,'r 1,,, d" SOl. LII" r"II"will~. ~I,'I''' I",vl'
:!I
dln'II<,IIS Illa.'hilwS ill :':'·!I.'r;,I .
• V"ll.a~,· "'I'I;oI.i":I~ <In' f"rllwel ill Illarhilll: \'ariabl,:s for p"r111;tllt'lit IlliLglll·1 SYll-
dunll",r.' IJllt..lIilw v;rrjit!JI('.~,
rrlOlll".
11I",I,'] ill .',l"Iwlll'<H1wl.'ly r"latin,!!, rr<lltll'.
:1.1 Relationship between winding inductances and
voltages of a general synchronous machine
,\ 1.11""1'"1,,, 1,l<ro"'l'lras'·,\\·.\·"-'·"llll""I",l.silli'·lIl. 1',,1"lllilf'hill"isdlllsO'n rorlllisillli1lysis
Illil~illlllill air .1:"1' 1.'Il,u,tll tlll'1I 1110" air .U,ilP i.s ;'1,pn,~illlal,·,1 br l:i,..;j
],111 sill""
(:1.1)
(:1.:1)
"1'11"11 il ,·alll.,,\\"I'iI1t'ulhOil
n I ~ n~('''.<!(<,). - 0,) (:UI
<'axi"
,,'
II,
(\
"
S '" ("I ." "~I (
".' I" I I "~I I
" "si~
.\1.\1/0" '" /I ~ 'I=- ~'I
JI,Jlu
':.11
'·illl!"'llll"lili,·dt"
li,(';"./),! =
If it i~ il~.'UI1 ...d 111;" "',u"UI i~ 11"11'1111\ ,.ul.\" ill 1'1,;",· ".11"'11 Hux ,j"lI··jt\" oI",·l., ,I,,~
:!7
1I,(~·",.t.!,) =
1/.111-:..,(,),1
/1,,/1, !Il',), _II,)
.",lli~ ,_ ~';""I.< 1;'1" I Ill' ~1""'1" 'lll;llll.ily ;'11,1 i.~ ,,,,1 n,!",.,t",1 ii' till' ,.,'r'lailJil',1!: t,'Xl r"1" th,'
f,or.<tal"I""II'!o;,,<,'a.<
.\", = -.\"".<in,:" (:1.':-:)
\\'IWf<' .\",. i.< tllO' l\l;o.~inllllll ll\lllllwl' "f Inrn.< ('Xll1"''<'<\',[ in lllrlls/r,uliilll, If .\" is ,'Oil'
IlhaSl.' of I h~' stalur, 111l'1I
x =.I.' X,. .~ill~' ,f,., =:.!X/,
"S,. =
lllrll~ ;,,,:
.\"f("l.I:=:~'·""':" rl.l!l
Thlls till' ;,ir-.;"!' ,\I~lF ,111,' t" li..ld ,'"n"lIt i/ ill till' r"I,,, .. Will,lill~. ,','11 I.. · ,'xl",~,:,.·,1
B.(,;,,) = -I'"''''f~''ill';''(''' - "1""" i"~':" I)
Iit/n ill pl,as,' ., willlliul; ,';011 I,·· ,1'1"nllill,~1 fro"11 Fi~.. :I.:.! " ...1,;," I", W, ,l,,", ,'~
".\/.\1/.;, = ~ I .. ,',,,,.;.
SimilHrly f"rth"lIl1wrlwlll'ha:-,'s/,a/l<1 ,'il"HIII,,'\\'riLl"ll thaI
.11.\1/-;, ~ i~l"II.' (,:, .. ~n
,\/.111 _ ~ ",,,, (." ¥)
t.I.Jlj
1.1.1 1"
,1""I.o""I'rl'll""lyilll'lli"",,t"·'·"III"S
fJ,( ';', 0,) "" If!ljl, :; i., ,·u.~ t,'J [nl - n~ fns :!(r) - O,)j (:1,17)
II.(';',/},I =-Jl"I',S:i. (:I.l!l)
l"III,,1.il·" ["n'" t'i'" I,,· "XIJl't'.;st~1 as
\\"11<'1"<' :VJ i~ rll<' IItlllll,,'I" "rr.!lI"llS ill t''lllil·"lt,ul. siullsui<Jidly ,lj~1.J'jhlll,·dWill,Jillg "url i l
is lilt, 1',,1,,1' <"tIlT,,"L Tllt'rt{ul"', ;tir..I\ill> IInx ,1"llsity ,1111' t,) ,'UITt'lll "Illy ill tilt' rul.ut
wllt'l'" I is clw i,xiilll"II,~rh "r Hir ~ill' or till' madlin", I' is tilt' liH'an f~,liIlS u[ air gap
illl,l ( i.~ il .!1I1l1l11.\· l'aria)'I,'. :'\u\l' th,' thlx lill\.;aj:,I' ill pllil'" " ,hlt' to <"Ilrn'lIt <JlIly
Ilin'll.c,11 ellis II'ill,liu)!. 1l<"'ullll'S:
:1lI
Th...rcfOrt" Sllh~li!lIlillP; "'IlIM;OIn l:l:~:!l ill p.:!:t) ...m' "loe "ill"
for.\", b<.-'("OlIu""
,\.,., '-I;"~ -1':" sin.) 1<:'·' '1"'1.+1• """(1<1, -"; ,·O,,:!(( 11.11'"' .!('/','
l.l/, +1~11'1I11'1" J.:~ sin'"(-:!'IISill'''
... "~""s'JJ).{"ill ':. + ~ sill:l','1 - ".:sill :!fI, {""s ':' I· :; ,'",:!.:,)),I,:.
'-,i,. + ~7r"IfII,r/ (Ill - '.:f "us:!/I.) i, p.:!!"
hy a wi::.lillp; lu elw "llrrl'llI l1"will)i!, in tll;l! wilitlillJ:; witll II... ,,1.""1"'" II! all "lllt'l"
willtlillJ!; "llrro'lIts.tllt',.,-!r iwhll'lall...·"r .. wiwlil1):; 1:-):;h','" ;0,.
I..., ~
;.
I., + f;r/I"".rt("1 - ';J,~.,.:!O.) n.:!li)
Silllilarl.r. llll' sdf i!ulll,'u,un-s "r lIlt' ..Llll'f lw" Willdill):;" II, ;11,,1 "J ,all I.. · f",",.1 t"
h,'
(:I.'.!7J
1'111: 1I1ut1lil.I ff,IX lill!.:".!;': ilillWill,lill1!, till'" I" ,",lrr"Ill. ill I, wiwlillll; i" r""",! ill" ',llllil,"
.\..~ J.\'..1... )11>'" 11.{(.O.)rl dc,t"
_l~r ~ sillQ l1>H 11"11.~i~C(~( - ~I
1"1 -"lo,s:!((-O.l)J/d(.1O
-~~/I"II,d [til + (ll':"S:.!(I). - il] i" (:1.:.!~J)
.\1..~ ~i,
-T711,,11.rf [01 + n-:rus:!(O, - ~J]
(:1.:11)
[11;1 lik.' 111;'lllIl'r. 1111' 11111111;11 ill.lurlalll"',; Ilc!ll""i'1l till' .Iilf"rt'lit Will<liu;;s rall],('
\1,.
.\1....
.lhl
-:~+'''''.,' [n, +n,.-.• ' (". + ~)I
-~~II"JI''''I''1 + ..~.vs:!(f1, +;:-J)
S,;V1 ::1'"/1.'" (Ill + ~)sill (0, -7)
X.;\'I 11:/'''1'.,.[ (0 1+ 9) sill (0. +~)
(:I.:I:!)
(:1.:1·1)
equation (:].:](j) "111' tJbtnill.~
j T .\'1'\JJ = f./ji, + f -:!l'USO,
.' /.~,.t~ 1''''', ~sil1 ((f'l _,,~ ""s:!(lrl,h,'rI,..,. (:l.;ISI
"fl,'r S<JlIll'lrij!,flll"IIl<'l,rir IllillliplllatilJlI., ilwlllO'n·,'sar.\' illlq~rali"lIs,tlll' s..lrllllx link
Thcrdore, tIl<' s.,lf lnd1ll'1.allC'\' or lipid lI'illdill~ is
(·If ~
'I
I'll + ~L~I'n!lf"/("1 I· ~~)
whcrl' LII is tl1\' !"lIkilJ!,,-lll,IIl<'L'IlI<',·\,rllu-li,'I,1 Willflill).!" TIll' irlflud;'llf-f'sirr flill',-rf'ut
pll;u;,' \Iindillg,; (ill I be slllllllladz\'111"v ,I,-lillill).!, 1.11,· r"II"willl'. ;,S
{.II
':~il'II"'I,l'lf"
~~1l'!I<lII,r1I'l
~ i~I""I,d ("I + 'T)
~il'IIUII,rI(nl+?)
(:l.Ilj
r:J..l:lj
TIICl1lllchiucilltlu.;tillln:s f;,lIl lIulV l","xl'n'ssf:d ;'s
/..,., = f./+ f"l - f'/I".,s'!.fJ r
I.,,~ I" + I.", - I.Hn.s:l (0. - ¥)
L~ 1.( + '.,1 - I'Hr,,,s:l (Or +¥)
I.}} I.,} +1'1
.\I.,~ -~/,,,, - I.l;I'~ls1. (0. -~)
M... -~/.", - I. H nI1I'l (0, +D
M.... -~/.",-I.Hn,",'!(O, +:)
.\/.• } ,\1} "ill 0,
.If,., .1/!-,ill((J.-~)
.11./ .H}sill(O.-+¥)
Tillis lit<' t!lrn·I,II',,,,·irll[II.·tlllW,... ,'HII I", wril.ll'l1 ill 111111rix r"rlll;'s:
, [I If••.If•.. ]
[1·1 = ,\/ 1.,. ,11.,.
\/ \1.-10 I.".
.II..~ = .\f"" .11.., = .\1..... .\/",. =Jldo
:1;1
(:I.,lT)
(:I ..I.I)
:11
_!l, - I... .--~(". - H
I.,. l~ - I.,..,~: (,,__ ';'1
-J'.. -' .. ---'t.......
llmLllal indllrtan.·,-,; dllt· 111 'll h"T "lIrr.'nls. 1!P1In' Iii" t1llX link.,).!.,,~ ill I'haw or. /•.11,,1
,\., ' .."i, + .\I.li~ + .\I.,.i,.+ .\I",i, \:\..".71
,I, .\I",i.+ f.""i~ + .\h..i. + ,\h,i, (:l.;",,'q
,I,
.\I.... i. + .\I.-.i. + I .....i, + ,\I,/i, ( :\ .~,~I)
,1/ .\I,.i.+ .\I,.i. i- .1I"i.. + l'If" n.l·lIl
So tl ... \1Jlla~,' "'III~Li"II" fur I],,· '·~1."'lll"r:-· wiro·'\\~'"11.1 ,·x.-it••1 "'.\'11' 11r<"""I~ 1,,,,,·I,l./<·
rail b., \\'riu~tl ;,S
~ · ""- n.fill", r.,. + -;n
· d.\.
I:Ui:!1""~+ Jl
· .1.\, (:1.1;:1/r..I .. + ---;,;
'f rJi, + '% (:1.1;,11
when' 1'.,.1'1 itlld /',. 11rI' 1. h,· ~Lll1.t 'I" phas.' n:~isL;"I"':'; IUI,I I'J b til" !"l,!."I' (i.·1 ,] t'~ii.~L, I"''"
TIIl~se l!flllltti"IIS :'r<' \'alid fur g,"I":r;,li~",III,,,dlilll'S wi1.11 wiw·w',IIII.I"x,·jLali"lJ. 'I'll"
dlronolls llIolnl".
:1:1
3.2 Machine equations for permanent magnet syn-
chronous motor
IU'rlll;,""IIl. Irlil~lII't. , whirl\ ll;iws;L ,"!IISL;Ull tlilx ,\",. I\'uw Ihe nIl X lillkage ill tilL'
[.Id"' r :::] = [ I" :~::(::' ~ 'i)]
.\" .\.\1 Slll (0,. + ~)
S" ! III' IJII.~ lillkag" "'Illiltiurl.'" p ...ri')-(:I.:Wj an' tIIodiL. d as
(:Lli.'i)
.\., (lfifi)
.\" = '\/,,,,;,, + I.""id ,\/,,). +.\,I/ sil1(lJ, -~) p.li7)
=- .11,."i" + .1/",;\ + I..";" +.\.If "ill (0, + ~) (:Ui,s)
[ "j [, .. II,. II, J["] [",,0, _]\~ = 'I" I (,I. I, I, + \ \t Sill (), - "f\ I ...., I, I I '11I1),+~
;.i"w, I Ill' \'"II'IJ:1' "'lll;,liuIlS for 111<' Pi\lSlllachilll.'nlll hl'written;,s:
p.TI)
· ".\,I'~I~ +-
./1
r,.i,.+~
or ;lIl1l1ltrix form
[ ,.,] [,." "J["J [,.]:~ = :: 0 ,II :A + I' :.
I,'",,! = ,,. ....·jli~.. ·1 + ,'1\~ ... 1
p.i:.!)
(·I.i:l)
(:l,ill
lI'IIt'n'" i:- III<' "1"'r;,I,,r ,Io'lilll.I.,.~ /' = t. JIl tJII"'" \"o.II;,~" "'I""I~Ju.~ II .. , 1I"l.
lillki'I;"""1111"UWlll "'lIIlains ;llIhwllllln'li W!lld, aro' f'l'wli""s "rr"l"r I""ili,,,, U,.;'II,I
IriLlIsf'lIllll'll III IIII' s.'in.-llrt'I">II~Jy r.,t",;u.!:. rr;'ll~' wlll,t"!, lIlt' 1I,;wf,itl" ill,JIt... "" ... .,. will
1It1 l.lIJ,I;I'f h" ,1"1"'11,1"111 1>11 r"Il.Ir I".:-il~m. 'I'lli' Illad,iu" "'I"I,li,,"s ii' ~.I'I..-I,r",~,,,.,.I,\'
3.3 Transformation of machine equations in syn-
chronously rotating frarne-Park's equations
3.3.1 General equatious 011 tnUlsfol'lliatioll
lhogonal "UI"!,,,n'·,,l.s I,y ti", f"lI"willl!; n~;,l.i'JlIsl,il' [:lsl:
wll"'"
i~ 1.1", ,orll"'!4"llaJ nHII!'lIlll'IlI,,, llllLl ri:.. r.rallsf"I'IIl<~1 frilln l,hn~' pllas<' \'aril,bk's illl,1
I'.~I =[::]
[
...." ",,(0-';'1 MIO+~I]
If'd '" ~ :<iuf/ "in(O -~) "infO + ~J
~ ~ ~
is 1.1", "",,'lli, il':11. Ilia! rix "f \.rHl1~r"1"IItl~1.i..tl, \\'IUTI'
iJ = [_'(I!lrllf+O/U)
(:I.I!l)
l1X,'" IIf IrallSf"rtllalj"lI It I I = n lulfl 10.' i~ lltt' spl't.'t1 uf lile Irallsfurnw/l axis, Tilt,
ill\"<'rSt'"f (', isJ:,in'u loy LII" full..win,r; ''tlualiuu:
[
....,0 ,',,0 ,]
lCd-' = "u:«/) - ~..:) sjn(O- ~..;J I
"us(/}+ ~) "ill(/}+~) 1
(:1.81)
lit '·'plali"lt.~ (:I,ili)·(:l.i:'q. ,I" nllt 1'''IJl"<'''I'tll allY \'ariable "urlt w; l"O!lagt··, CltttCllt or
1I11xlinkl',t1.",
3.3.2 Park's Equatiolls
Park's ~"lilalions in 1111l.chilll' \·ari;thl,·~ ,'illl h" HdliO'I'O',1 hy 1rallsr"t'111itl~ 11,,· "'lllilli"'I.~
t'C!U<ltiOllstI,'snihl'd in s,'ctillll (:1.:1.1), 1Iwu!lI.1" 111<l<lili,'a1i"1l is 111,,1 '1" ;.~ 1;'''''ll,l~ 111l'
supt>rs.-ript or suh,lTipts wilh 1111' I'aria!.".,; to l'l'!'r.";,'111 Ihill 111<' tl';,H~f"nll;,I;"1I is
[
"",0, "'''10, - "-,: I ""10' + ~,';I]
fC'~) = ,inti, sin(lJ, - ";'1 ,in(O, -I- 'ff
~ ~ ~
fI, =[ ....,(1/),/,/+0,(1))
iliid tilt' iun'r," ,>f 11", af><1I'" Illill.rlx ,'an I", 1""111,1 i1S;
IIrthogullal n)111pl!ll"llts or II rol,;llilill. n'f.~n'n'·" I'rilllll' il.~:
But silw,~ it call I", wriw'!1 that
[i;..) ~ [(.',lIi",,,J
/:I.Xlij
:I'J
Sul.sliLlltiru; '~l'laLi"ll (;I.1iij ilUt! I;L'i!J) ill (:UWJ UII" gets,
1,,;',1 ~ 1'·,lIk."Ii'X'[i;"1+ '11",1"1';"111
= [I "1111'",.·11'.'1[-1 + 1('~II,'IC1)-'IA;'101 +IrJW:1)-'I'I,\~,/I)1 (:I,!IO)
r
....'
: ·"t
"~l~•• 'f I
·'"r,l··If) ........ 'f,][ ....i"l~, ~ Of 1 u
1 O!
:][....:~\-' ,,,,::.~.~, :,]
" ""('.-~I .i..ro.-Lft
.....ro, + 71 ""r,i. I If'
P,!}I)
'1'I!t','\'"I',ali"",,flh, al",\'"Ulilll·j",,!< ,'i··],]s
'"
[('J[rX'"'
~l)W I,ll<' \'nha~""'lIl;'li"l1 (:UIIl) ""11 \". \\"rill"11 willi 11,,- \";oI>t,··. ,l'.i'I·1O ill "'I'I."I'Ill~
[";.,..1= [",•. 11,;,..1 '·.I·I""i ,,~",.,I
[
,,] [, Il "]1 "j ["j ["j,~ =:: II ,~+., ,; ; /' ,;
II" II r~ l,,, II \;,
"" = r~ = '"" '" r", I.I."~:'
1:1.IUIJ
If il i~ Irilll.~r',rll~~1 t., III" n,r',r wf.-n·,,,'" frilllH', 1]1"" it I""'nlll<'~
1,1;,..1 1",11'-11;,,1 + I",I[.I,-J
1",I!/,JI!',r'I;;,,,1 +[(',11,1,,1
[
/., + ~(I..~ - I.HI
1",III.iI'T'I';',/= "
"
"
(:1.I0:i)
CUll·l)
ll1al\ilfillali"II.~. ,IfI" .i.:l'1.~
I:':
I")
;.' 1 -',.\,\1·~~c...±o-t _',1.,;:, 1
".; ::1'"""
! J
Sow flt:finiug IJUOlllilJ;llt·ti7.iU" iruiudilllno:; ill '.Iualj,,., j:I.IW,) ;,~
~(/•.4 - I.HI I y
~(/.~+f.I<J = I ~
;,ntl Idling "1 = J. r + 1. ... 1 ;,,1,1 I.~ = 1./ + 1.... ,/. it ,';UI I... wrill"ll nl;.L
[,:! 1= [';" ;', :: 1[:~ ]+ \" [,:] (:1."""
\'1 (J 'r'" II
Therefor.:.
I..,i~ f:l.llflj
iAlI'II'i'IA I,ll<- z,-r', "'-'pl'-II<"'- t.-nus. ,Jlj,- ~,.l.s
".'j
l'"iu~ '-'Ifl"l.i""" 1:1.11:1) ;011,1 (:\.111) 111<' 1"'l'lililll"l1t lItil~11t'1 ",\'lwhrulI<lllS 11\,,1,.,1' "1111
I", l'I't'l"~"lIt,-oI ill d all,1 'I 'IX",' \\'il hIlI<' "'llIh'III"JJI "i1'<'I1;1 .liil\!,1'1I11l ;IS "h\l\\'11 ill Fi\!"
:L:l
3,3,3 Relationship betweeu orthogoual quantities of sta-
t:illllary rcl'erelu:e frame and synchronously rotating
l'cfcreliCC frame
wlwn' sIlIWrsnil"" 'I" "lid ',,' Ill'" IIM-r1 I" rI.-Hult- rolating Hlld S1.ati""My n{'-lT1U'"
rl','1I1<' 'Illilutili..", I"";I,,-,'Ii\',-I,\', [(',.] is 1111' nu-Ilki'-Ill. matrix which <,all \,.. ,,\';\111111.""
(:1.1101
t:iubSlilllling ''<I'lalitln ,:1.111;) LIII., 1:1.11.-'), ",II' ;:','1~
:\gain roll,,\\"ing ,h,- wlitli.m ..r '~I"i11:"U p.s.',1. il ,'i111 10,· wrill,'n .•~
ThU:i COlllpllril1J:'''ll,ml;(>!1 (:1.11.) ;,".1 (:I.ll:'l. it ,';,,, I.. · \\"rill"Il 11,."
rr"lIl whirh
"
rUl .... ]
1:1.1·,!111
(:I.11U) tin,' ~ds,
[
,·..,/n.1 ~,;,,/Il. J II]
1(',..] = ~ill((j,l ",,~(/),) II
II II I
alld
(:I.I:!lj
1:1.1:!·lj
I',
",; ... ,so, - ,':j Sill 0,
wl",r,' z,'r', .~"'I'I<'r!O',· 1"I"1IIS "ro' i,I.\II.,n,.I, Silnil;,r1y, llsil',~ f·'I"iltil)lI.~ (:1,1:1'1) 0111,1 (:I,I:n)
il "i1nl",wril,l,"IIII,,,1
",;'US{),+",;Sill lJ,
",j ",!""sll, -I',;,;ill{),
'4 .=: i,; Sill IJ, +i/'-'l>sfJ,
<,'"sO, +i,I.~inO, (:1, 1:I:~ l
(;U:l:ll
(:1.1:1·1)
,'1Il1 "",(I) ;,~ IIII' s,\'I\<'III'''II''II' sl,,,',1 "I' ruliltill)!, (ral1l1'.IJ,I()) is till' tilll,'·z"I'> ,Iispll(l"··
lllt'lit "I' 1'I";,liu,ot I'rall'" '/11;1011';'1111'1' axis wilh I'<'sl)(','t I" 'l"illlr;,1.l1r,· axis "fsl.atiollary
frail .... i,,', <I ;I.~is "r Ihl'l~'l'lws,' \'"Il;,).:",s Il~ shown ill Fip;, :J,·I,
TIl<' lIt'X! slo'p i~ lu 1'Slahlish a n'lalinn 11\'lWI'\'11 dir,'ct ;111(1 IlllildraLlln' ax"s qllall'
lili,'s Im,!lhn,\' I'hl's\' 'pl;llllil.i,'s. so lh;lt tilt' ;,lgorithm call 1J(' uSl'd to ubt'lin rotur
II"Sili"l\ and slll',',l illfor11lillinll lI'ith llh',ISlIr"t! sll!tor \'olt;tg,'S IIIII! ,'urn'ltls,
*
"'"
",
"U;' " !/I ',', ",""
"~
.1 .I~i,
(;01
!"''''",
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..-:-:-.-?~; ,
'''/ ~,
,..
Figllfl' :1.1: (a) t ·"·,,ro/ill.,I,· ~~",r"l1l' ..r IIII' ~1;11 iUlI.,ry r'{"n'Il' " fr.ll'''· II IIII •• 11 inili;,l
O. (II) (',,·ut,lillalo· s.\·sl",n~ lOr ,.Ialillll;,r,\' f1{,-n'III"- fraulI" willt II '"" II.
3.3.4 Relationship betweeu thl'ec-phast~HIHI urt.IIUJ!;Hllal 111Iall-
tities in stationary rd"~rmll:C frllllle
0= [ .....UJ+ OfUl
II·jll! ,/ axis a.~ ~llIJ\\'11 ill LI,,- Fi,e,. :1.1. Slll,,·r.~,·til,l., will I,,· ",,-,11., IIt'lII,L'- 11,;.1
lrallsforrnatirlll is takilll; pla,'p lH'lW'~'1l "tali"uary tll slali"lI;H,lI f"'LlI~·. Slll.\ljlllli/l~'.
It.,! = [: -~ ~]
1:1.1:17)
(:1.1 :l.~)
~('" - ~I'~ - ~l"')
:.! 1 I
:i'o" - :i"~ - :i'"
11111 .~ill"'· r'., + /'1, + " = 0, il rail I,,· wrill"ll th;,1
I I I
:i"', = -:iI", - :i'-"
Sllhslillll;Il,~ "'III"li"n (:1.1·11) i1\ '·llllilli.,l1 I:I.J·HJ) UIll' uhtail1s
,.-; = ~I'" + ~1'.1 == /'"
ru.IO)
CU.II)
:11111
(:l.1111
rUlIil
lhn't"'l'llil~t· '·lIrr'·IIl.~ '11UI ,liwd :111'1 'lll,ulr"tll'" ;,)(,.~ "l1rn'1l1~ in til.' ~,'II1" ~r"li"II"'T
I I.
---;0;', 1--;;'
'orl .;:1
(:1.1 lSI
l!J
3.4 Rotor-speed and rotor-position in terolS of
stator currents and voltage
I~ ).!,1\"'11 ;I~
~ir' " ;,..J.; + 1.,1/';;; + W,.( 1./ - L"li:;1 (:1.1:,:1)
Or.
'l'lll'I'l{,.n·
(\r
<"" [I", + f"",)i~ + .•:,I../i.', -I ••', .\\/ (:1.1,',,';1
oht"ill".I:
'_, (r. + Id.,,)(i~ <'Us II, - i:i sill II, 1+
••:,I../(i;;"illII, + ;',n,sIJ,l +0.·.·\,'1
(:I,llill)
"btains
,;osO.[,'., - 1',1" - I',JI';" - ~"".r ("I - I..dl/" - i.·/1 =0
sinO.l-*fl'" - ,!, I + -711',1;,. - ',J i
~/",/,(" - I.) + *_-,f/., ~ 1,.IlI", ",)1 i N','\I/
Or.
....••\.\1
,·, .... fI.
"1 - r'/1 - 1.~/,i1 - ~ ...... (1., - J..d(i~ - i~)
- t.;,nO.I-JJI"~ - ".) + JJr,(i~ - i,1 + ~I.f/,(i~ - i~l +
71""'( I., - 1.~J1/. - '~II
aSSIIIIIIIIL;
(:1,11;:1)
rUtH)
",''' "Iotaius
wl1l'n'
l;mO, =:;
...",I}. = ~
;:- j(.r~ + !II)
(:1.J6.'»)
(:l.Iliti)
(:l.Iti'i')
rill' '·"!In'S.sj,," rill', fllll h,' sillll'lili,',1 hy takill,C, "11"111 I'alm' for L, and 1•./ whirl!
I.• = II.,: 1.,1) (:I.IIiS)
',:!
....,.\.\1
r,,~O. =
"" -I'.,i" - 1../1'" - t;lll{/.l-~("" - ",.) + 1.11
I
+7{/.,./I(ih -i,.)
/'" - ",i" - f..I"., i:l.I'll)
~!J'" - I' - ",(11. - i,) - f'"I'(i" "' 1.11 1:1.1,1)
Sllhstillilillj!, "'IIlOlti"IlS (:1.\ I:! J ,1110 l (:1.17:\) III "'1'1,,1 i, 011 (:l.ll;~I, .w' I ,ilHl'lir.villl!, "II"
Jrl'" -1'.';" - f,,/JI.,;' + ~I"" - 1~~~~,,-~,~i2J~i~. I,ll'
'\,\1
n.lil]
t!{IUitliulI:
(::,11.')
·,:1
'[.']I), = tMI- Ii
,I ~ '\,\III'~ - ", - ",I i~ -- i,.J - 1•.1/I(i" ~ i .. 11 - {f" 1 - f•• )i"
"/11"., - ",'., - I. ,11/., f + {"b "~ ",ti\ i,,1 f.,,/I(;" i.. Jll
illld
II - ,J:i.\.\/f /'" - I',i" - /"I/,i,,) + (f"l - I../l(h - i,.jF -r,i" - /·,I,i,)' + ~h ~ I'" - r.(i" - i,j ~ 1.,I'(il. - i)j'I
I'll!' ill il iill I" ,~i! i, '11 'Ill).!,!" II,," "r I illw-;:,'I''' p,,~il i"l1 "r rut"r "ilil 1'"' ,1"1 ,'rmin," I 1,,1"
3.5 SUl1uuary
III Ihi~ ,·h'II'I,·r. "x"n'~~i"l1~ r"l' I Ill' 1',,1,,1' ~I"'(',l 'Ill,] rutor l'''iiili''l1 ill I"nll~ "f slatul
Chapter 4
Simulation of position sensorless
permanent magnet synchronous
motor drive
Tl... pn""'111 wurk ,I"ills wit II '~Jt"l' I"""i. i"ll ,."Iima! i,.n f"r II... \~~ "I/"' "111."j "f f,,·m...
!Wlll llIilJ;11P1 ';~·II.-1lr"Il"U" m"t"r .I .. in.,.. In ,-II;OI,I.,·r 11Iro~·. ··~ltl.,..i"II~ ..r ''''''I "I,,~~I
i"I.1 rol"1" pusitiull wI'n' ,1,Ori\)-,j ill 1.'nlL" "r ,.1;,I',r \'"It;,!!,.", ;,11.1 .1Irn'llt, ro'l' "'111'1,"1;,
I. P:\IS lIlut"r willi ,"11111,.,,;,1;,1 "11'1,1,\' wi'h''''l "01"",1 ..,1.... ,,,·,
.il
-,,-,
4.1 SilTlUlation of pennanent ll1agllet synchronous
motor with sinusoidal ,supply without control
schel11e.
TI ... ~_I'~I"lllld,,,k ,li"~.I'''tll i, ,!I"IIII ill Fi!(. I.t f,,1' I!li' "illl,I!"li"lI
1;,.,''''''''/
\ "" ("I - 'f)
" \,..+I~'f)
11.1)
(I.:!)
1I1;I,!(IWI ".l"Ildll'<"Io>llS 111,,1,,1". TI ... r,'slIllilLj!, plt;ts,· ,'11IT"III" al"<' ~il"'11 1,.\
I... """I~'I - ·,l 11.11
I" "",,(••:1- ¥--I) 11.;",)
I, ""~(_'I +- ¥-.:) (\.Ii)
II'lwl'" -. i~ tl,.' 1'11".<,' au!!I,· 111'11\"""11 1'1I;,~.' 1·"It",!(" ;111<1 "'IIT"III nl<'~" illPlll \·"ha.l!,"~
[1";"11<', 'l'I",s., ,,1'1' 1l~,',1 ("I" II,,· "<'lIs,,r1,'."_" al,lI,'Jrilh'll .!,'rin,,1 ill "'il",I;'IIIS l:l.li·II ilwl
\:1, I ili\. TIll' s.'IIHfI'l"ss ,d.l!,"ril hill ""II I... illll'l"IIWIII"d hy ,. I ",: di.!.!.i!.,,1 ,i~H1,d IHoC""""1"
"11.-11 .,~ 11",I'"x;", 111."II'flll1<'1I1 T:-'IS:\ul':\·.\I. 'I'll<' inl'lIls 1" III" ,1i.!(ili\II'I"'''-'''''~''I· "1'<'
Fi)!,lln' ·1.1: 111,,,.1; ,Iii'~r;olll "r "1"'11 1''''1' ."iIIiOllatj"1I "r I',\I~ 11,,,1,,,
I'hil~" \,.,h,,~,~ illl,1 I'll;,,,' "lIIT,,"t~ tr;'Il~r"r1I",,1 I,. ,1"1 'l'j;'lltili,,,,. rI", "1111""" ,""
Fig. ·1.:1 (I,) S!'lJ\\'" I lll' "illl'!),,',·,1 I'''''JI' I,,,~it j"ll ""gl,' ,,~ ;, filII' 1i,," "II illl" r',r "1,,"11
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Figure <1.:l: (1)(:11 k".]. !>jll11l1;,ti'llI "f PMS mul.)r. la) ll"'''t ~I" ..·,L fl.) Ilolht l".siti,,"
angle.
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4.2 Simulation of closed loop vector control of
perlnanent Inagnet synchronous motor
\';,rial,h'~ "n' !,ransr",.,,,,·,, I." 11,,· '.I·'l"lIn>llulls!y rutilting rercwun· rritl!l<' axis lI"lwn'
LI,,· si'l1ls"i,I,,1 '1"al,1.il.i,~ al')"'"r ilS ,Ir '1"allliti,~. So rrOln 111,- "o"n'lll "f ,k "'<Jlor
(l.i)
\1'1I"r" f., is III<' ;'I'''''''',n' '·lIr .... ,,' alI'I II i." 11,,' 1I,·I,I,·"n""I: :u"l ]",,11 ;,r,' ,'rl.hu~tJ'Ii,1
a",1 ,1,·... ,,'1'1,·,1 \',"'I',I'S, III ,.n,..hnll1,",sly ru!"l.i".l; rol"r frail\<' "xis. [01"<1'1<' '~!,Iali,,"
H.;)'·'H1I ... lI'l'ill'·1I a,
11'110'1'<' i.', is II... '11I;"Ir;"III"O' a.~is <"lIlT""t ""IIII'''''''lIl ill r"t"r rtof"!'l'IIO'" fr'llll<' ,.OIT"SPOlld-
ill).; 1" I.un!,,,': i1,,,I/, is til<' "'IOIi",d"1I1 11,,1.1 ,·11''1''·'''1'1',,0111... ·01 h." \Iw rul"!' 1"'r!lIillWIlI
(I.!J)
Th"s IIII' ,"""'1" ,';'11 I.,. "'>lI!rtlll,~1 \·.... ,"ril",1I1.1· I'rOl'i,I<~1 1I11' I"llrn'lIl i~ i.s "olltrol,,'d.
III 1'1';,,'1 i,',,, Ill,' SI""',( "r 'I r'~rs lIl"t"r ";'11 I,,· ",,1\11·..1/,·'/ 1,n-.. i.",'I.\· if i~ nu, I,.. ..I..
l"ill"01 ;,1 ,I,·... in'd "IH~',b 1,.\' Ilsin.l!. "ari"'ls ".1"1"" of "olllrllIJC"S .~\1dl liS pn11lUrtiuliai
[1'1. 1'I'l>l'tll"titll1,d ill!I'.c.rill[I'lj til' 1'1'''l'llrli''IIi11 illl",~ril! dilf"rt'uti;d (I'IIJ) cOII[rolkrs.
'1'1,,·,'111'1'<'111 i; ,',\II l"'lIs,',[ I" dril"l' all ill\','rl,'r Iu 'llll'rillt' a l11olor al dirr"l't'ulsp",',ls,
11'.("1"1' ~"itlJ!, i'll,' ['lnlt,'1' ,!,'I;,ils "f ,""'ll'o[ ;l~p""ls. 11,1' n'laliull 11l'tWt't-,tl 1.111' 11I'ilk
'._L:;~/';':"(\. ~ ~
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~.""'~ ~'"' ,,,,,, ..... . , , ~~.'" \;..:~ :~~~/ ,.,-. ,;~I '--- __ ~,_, ...
,,-
'1""
hi
I,~ "" j;".',,\.\/ (,I.IU)
"
wlll'l'i' "1 is;, '·"II"lalll.. l,h" \';'!ll" <,f wllidl is ginm Ily [,ii [,Ill, '1'1111" fn1111 \'l'dor
I', = \~ + (I" + j" .., I.• lj I,; (·1.11)
Ilwdri\"'s\",,I"lli.
4,2.1 PMS Illotor drive system upto base speed with speed
feedback loop only
t"jll<'.1 """SI."111 "1'1" tlU' I,as,' "r,,',~1 as "h"\\'11 ill Fi,!!...[,,111,). Thlls, fill' lhi" driv,·.
"1"'l'ati"l1 ,,( lh,' \'IIllag,' SOllrn' ill\'l'fl,'r (rSI). Th,- fl·t'llbark 10"1' \lS(~[ is oilly tIlt'
"1''''.1, Till' wind,' ,h;\'" ".\"sl"11I ('all I", dl'"nillt~1 by till' [ollllwill/l: ld,wk di;'~r<HlI as
"hllll"lI ill Fi.~. I..""•.

PI cfllIl.rullcr
'1'1,,' lon'l'urriuu,,1 illl,f';:.r;,III"j .·ulIlr"II,·r n""si!<ls "r till' rflJl(,wirt~ I rilll.~r'·r rlllWli..n ill
If till' inl'lIl ur 1'1",,,,LI"III.,.' i!< X(._) i11ld llw\IIltPlit is \'( .• ), I.lWII it ",1111", wriu,'u
t.h;,l
(·\.1,11
JrT.il'l_,k.·lI:,':llw.;lllIl'lil1J:,IIf"l'i,,,I;III.li,,mnsi,lL·n,1 \l'rysl1lall.tllf·ullll',I,·ri\'i\liw
"_Iu l", "'rill"11 iulini,,·,lilf..r.·u,·.,r..nll ;,,:
~'l,,+ll-H") f' ,.") . [IX1ii+II-Xlii l ]
'--'''-.-- =:; I!. (II + hi "I~ (I.Ui)
Vector rot;'\tor
This is the lJll),:k whie-II Iri\ns(t'r~ 1111' r..lur Wf"U'lh'" frill11l" 'Illillllili,',. I""lal"r rd,·r·
cuel.' fr.lI11l·//llalllitil's, Uy tlii~ bl"l'k,lhl' ,·uIll1l1.ultl lIul1'1l1 i;" ;lIull.j· M,' f"I'IIlIlI:l1t~1
Ilsing ':(j1mlious (:1.1:10) ;1ll,1 p,l:lllll'llh I'tlmlll:ln,l inllll! '·lIrn'fll.~ ,;", ;'/' ;lIllll1llil
vectors cosO,. sinO,.
2 phase·3 plHlse trallsfer block
TIn' (UII"li"" "f tl,i" I,],,,'k i" I" lrilll"f"r Ill••1"1 ~t<,It,r '·Ilrr'·lll.~ It, Ih,· ,I,ro~' I,h.,,,,,'
(UlIlrollcr as ~htJwlI ill FiS' ·I.li.
4.2.2 Cuneut controller and volti\g:c source iIlVl!l·t(!I· (VSI)
TIll' Sf"hClllHLi,. ,Iiilp,ralll "f till' ,'IIIT"lll "\lIILr"II"I' ;'lId III<' \'"IL,).:,,' ~"IlI'I'I' ill\"'II,'1' i~
shulI'lI in Fi~, I.fi, TIll' ,'urn'lll "'11111"1,111'1''' I'I""II,,~,',I ("I' lhi~ drh'" ill'" kll\lWIl ,'~ II",
hySl,'u-:;is ,'urn'lll "'lIllrulh'T.~, '1'1,,· (HlIrti,mall,I, ...k ,liill1.r,lll1 "f llli" ""n"llt" ,,"1",,11"1"
is showl1 in Fi.ll.. ·I.r. In 111l'Se' "llrr"1I1 f1ullmll,'r:;. llw ""ljllll"f !II" '! 1'11;,,,.":1 1,1..,,,,·
rurn'llls. 1'1,,' ilrllJill pllil"" l'urn'lIls;ow .,II,,\\',~II., \'ar.r Willlill " I'ro-:-' ril~~1 Jli/l,lwl "r,,1
.~lI"il,·hill~ ;,,'l iolt ,,( ! III' irll·",.I,-, ,~",." 'III ;'11,1 I,h,' "I"I '1;\) ,'urr"nl I\',W,' i~ f'0I,,",,,ll0 trilO'k
,'lIrn'rll ,"'rrln,!!''r_ Ill" l,!r:.s,- ,'UlT'-llt" an- ""tI~i,I,'n'(1 a~ ~irlll~fJi,lal.
IlLil.i,,1 rotor 11I1~il.iull estimal.or hlol;k
1-'''1' lilt' irtlpl"lIU'Ul"liUII "flh,' pI'''I'"",-,1 dri\"l'~dU'tI\O', tIl<' initi,d 1'""ili.,l1 u(th'-I'ot"r
rw,'.!s t" I", "I,jairw,l. This is <lUlU' I,.\" f,,'dill~ il hi~lr fn"lu"n'-,\' l.rian~lIlm· \\',IV" to tlH'
\l','I"r r,oI',lu .. I>d;/I" till' I~TI':HIll'I'T.sWiLrlll's ;lftUill<' [:111_ Ily 111<' application "f
slldl;r ~i).\n;d, 111<' l"utU1' ,I<I"~ 11,,1 111\'\'" ,IIU' hI tlrl' Zl'l'O lI\'eral;l' torque'. Initially. tlll~
arloilrar,\' unit \·".'I"r~ "p~fI. = 1.~ill(l, = (I <ll',' applil.'lllO til<' n'rlor rotator 10 gl'l
1,11'- I',-r,-j'<'ll<'" si,~Il;r1 ful' IIll' "urn'llt "ullt1"011t~r wllidl ,I1'i\'I's th,' illl','rt,·r. Tlw ulll plll
[,urk-'''lt
~ --{?<J-;:::f)>-----t-
11I·f'·r"llr.,
I'lIa"..
---'--tr'-------'1,~.r _.,1
+U':l~~1n'
II ,.:,1
-1I":ll~
II,)
1:"I"'r Ir;,""i"l"r I".......
1.'I\\""r Ir;'ILsj"I"r h;L~"
li~
..f tIl" in\~'rt..r is tl ... I'W:\·I v"ltat;., wllidl is itppliL~1 to th~ machillc, This n'5l1lls in
slJlOlIi IlUls;llilll; 11",. iUII ..f til<' rutur. fly 1Il~<t..Surilll!: "hast, Cllrn'llls alld "'oll"!NI, lhto
initial r..lur I'"siti,," 0,,1":\11 I..: ,,,,tirnilLc:<1 nsingL~llIalirl1l P,lii),
Polarity detcdioll hlock
TIll' ;,,·Lu.,1 illith,l I'"sit~," uf tl ... r"ltlr is .Icj)cnrlcnt '11I LIlt' pularily "f Ihe IUitglll'L
whi.'11 is ill 1.111' vi"illity "f it l'd,'WIlO' a"is "f thc s~tor, For c.'(nlllpl,'. if :-.: p"k' is ill
UI" virillily "r plll''''''/, llll'll th"trlll' Illili;,.1 ]>osiLion will 11,:
0, .. = ;; +0"
'1'1,,' I",l.,ril.'· "r 1110' 1II"~IIl'. ,'''11 I,,. ,1.,t'1"minc,1 II~' 11ll' full'lwin; pru.·,·.IIITl' pi J, A
"'11I'1ft' \\'a~1' is "ppH...ll" I'h;,St, II. If N Iloll' is ill th,' "i,'illil)' or" it"is.• IIt'1I th.'
I'""iliw I,.'tl ..r tilt' ap)lli, .. 1 \·"llaK" will airl ill lilt' l1Iilr,tl<'tl"",tillll awl IW)talh'l' patt
will ,1,,'n'OI"" tl1l' 11Iil.l;lIl,ti;o:;,tilJlI. lit-ill'<' tIlt' pllaiit~ rllrrl'uL wiLh tlti" n,lt;og" will h."
~r,'at,,. r.. t tilt' p"Stl i,'" IliHI than tllal ,hlt, to till' 1I,,&ativc I'itrl"f tilt' S'l'lill'" \\'a\',', If
tl", f.'Il'I'St' I... till' "as", lllt'lt it '-:11I lit' "ulldud,·,ltb"t S Vt,lc iii dU!iI' tu II ilXi.,;. Tlms,
b.\· r"]]"II"III.1:. I.Iw ,II""", IITIW, .. llIr,' ,l."·j,,j,," Is lak,'n ;,-' lo whicll 1)11<.' i~ 1t,J,I,~1 lu I)u, II
nlltllr pusit.iun (1Ill! i'lpced t.>stitnntol'
1"':-oili,,"II,. OIlC" II. i:-o ~II"\\'II, II", 1I1l11 "'~'I,ors ~inO, all,l ..nsO. at" gt'IIt'rall"1. Tlri~
1.1",·k ~Iat.~ lI'"rkill,l:. arl ..r lilt, ,"'lllilli'lH or INTEltRllPT swilrh.
4.2.3 \Vorking principle of the drive systelll
Cllrr~nt i; .. \\"ith Ill.' illiti;jlllilil \1·.......... ill 0.., ,llld ",,,,11..,. I11l' I'n'/"r 1',,1;,1"1' 1'1\"lu,"";
A~ till' molor is sl~rll',l. till' inl,'rru1,t s\\'itrh,,,; ;,rt' tllrlh',1 "n ;11,,1 1111" .',~lilll"">I'
"-"litilllal~:; tli,' rt"ur ~111,,',1 ;1",1 n'll/r 1",.~i'i'>11 "",1 tilt, ',uil. \"'~'I"I"S, ,'\,'.'(1 II,,· ,·"I.illl;,l." I
ru~ur sp,,-~·,I i.s f",II'II1'k til tl", ""1IUII"I,,1 .sl"",,1 f"r "oull,al'i""n all,1 I III" ,·sl,iltl"l.,01 \lllil,
This ,lri\"I'sy,,',"1l1 i""l',·r;'l.l',l "[> t .. Ioa.s,' "1""'1. '1'1111" 11"''''''''lIl"",1 "1".",1 i" lI.i\·"11
Ill' tu that limil. TIll' II..\\, dHlll "r till' "'''"1'1110'1' "imul;tl,i"u "r tI", I'~IS "",1,,1' ,Iril'"
with PI ('ulltrull,'rs i,~ p,i\""11 ill Fi~. ·1,1'\ Tit.. "irtllllilliull III'S 1""'11' "rrinl " .. I. lI"ill, LI ...
!Wlillpli"g rll'-lll'·II'".\' tai.:"l1 ilt 1UINln lit.. '1'1... '1..."1.;,111,, "f II ... 1'1 ,'.onl ... ,II,'r 1,,,\"0' 1"~'11
lakcn as 1\1 ,. O.lKJI awl Il l := Ii.
I~l"raIl"~ f"r'·iIO)· ....,·["':",;.,;I",,,,,,,,,\",,,1'1
(""lII!,III"
f;~1
Fig, ·I.!I-·I.I·~ "h.IW 1110' "illllll"".,1 r,{,·ro·"'·'· ~1',~.,1. ,,,'111,.1 ["\"'" ~I',nl. r"h'r ""
silion. 1I11i! \·'''·'u~. "h;o:<,' nltr,·ul". nof"n'lll'" l"r'lll" ,·"tIll"'W'lll ,·1l! ... ·1l1 .m,1 .11111'111
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Fiv,lIrt' ·UI: Simulali'lll \If ~illgl,' 10011 (spt.'Co loor) PMS molor drive. (a) Reference
r,'ltlT sl',~·.l \1,) A,'III;.1 n>l'lf SI"'t'(!.
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Figure ·1.10: SirnlllaLim\ (,f singl!: loop (sp':l:d loop} 1'~IS JIl"t"r dri",·. (.1) If"r,or
position (1,) t:llir \'I:tt"r~.
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1"i~l1rt' I,ll: Sinud,'li,," "r ~il1~k loop [spl,<:d loop) 1'!I-'lS mOlor drive. (a) Phase
,'11IT,-n!,< (I,) II,{,-n'll"'- 1,'rqu""tl1I)I,or1l'l1t current
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4.3 PMS motor drive with two control loops
till' <IiiVI' I'·.'I"!II~'· ",'11 I". illlln,,\",·d with I,ll<' inLrodll .... tioli "r this ;"ldili"nal r,',·dh"rk
1",r'lIw "fl'-r til<' ""1111 ';0 1"" I" or. Tlw ~('I"'I'''I,',I t"nllw !'xl'n·,,>siull call !". w!'ill"11 itS {·Il)
;os 1"1"'1'''' '·"lIlr"lI."I', 1,1 ... "Ill ['II! I,r II'hi"h is llU' n{"I"'IW" i~ Olin' this "lIlTt'1I1 is
"I'laill",L1.I11'dril·"w"rksill;'silllila"\\'ilyas 1III'I'rl'viollstJ,1('.
.I M --j- .l.
7li
Ii
Tlw Uuw dlMI "f th,~ ':UIIII"II"r sillllllali'llI "f this mo.lified .Idvc is shown in Fi~.
'1.1'1. SlMliu~ witll illl",t ,Ialil IlluJ iUI initial sl',~.. l, unil ve"lors and llil' ll/r'IIII'
nJlll!"lll"lIL "IITn'III, L!t" slll,.~t"llu.·'11 :~p,·t"l.'i. LOTlIII<! alltl unil ,·,'cl.urs ,II"(' ("l\kIIJ;II,',1
I,)' Lill' lWll ..... 'rl'-ss al~"ri'~lrrl. Tlw ''Slilllilt<~1 sjJt.'P.t1 ;tn,1 l'jrqlll' liT" ("wupan.. 1 wilh
"r ,'urn'1I1 "'mlr"t1"I's ;'r<' ~"llI'r"l... I. Tile ':lIrrc111 ("Olllrolk-rli tlri\"c L111" ill'·'Tl<"r. '1'111'
1II".lili,·,1 .Iri,." ,,)"SI"III is siullI]"lt,,1 wilh tilt' fol/owill! consh.nh ro1' tlw PI ("01111'1111('1';
/11 0= 11.1, /I't = ;,(1. 1\., =: 1l.W,. 11,1 = :RNJ. TIlt" ~all1plill~ fr''(IIl''lrry i~ luumJ 111..
I.J!I "h,,\I' tJII' ~il!lllla1.,'d P,r,'n·II'·'· "1"""1. 1',,11,1' SI'... ·<I. rulur 1'"silioll. IIniL "",·L"r".
I'll"",," nU'1"'111.S. illl'.'rlo'r "llllJlIL 1·"]La~," n~rl'n'll<"l' \lUII'll I '"npll' of lllt' PI n'III1'"ll,"r.
illtr",I".. illJ\ ''''HI'''' 1"1'1111',,1 1....1' ill LIIO' lllo.lili, ..1 ,Irin', 1Ill' .sp(lt.. 1 1'1'SI'UllSl' IlilS hn'lI
iIIlJ,rm·, ..1a" SI",I"1I in Fiv.s. ·1.!J (I,) an.1 ·l.lij (h). 1'.'spt'Cli",'ly. The ~.'nt'1'al,'d lOrtll'"
i.s '·"IlII"'lIsa1..·d r.~. nllupil1'ill)..\ LIl<' ~"lI,'r'Il,·.1 l."npl<' with nof('['t'lll"l' I."nllll· ,11101 usilll;
willi III" a.[,Jili,'nal,·.",' "f 1'1 '·.'lllr"II,·rs ;,lltl .'tIltll,;,ralul'S,
Flow r.hart flJr tll(' ';tJllil'ulf'r Si)lIlJ);(ll"" (" )i""lib·,1 1'~IS !I",I.',I ,Iriv'·.Figun.· ·I.l·j:
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Fi~\m'·1.1;1: Silllll\,11i,lll uf two.loop \spCl'd and torque) PMS mo~or drive. (a) Refer-
,·lIn Spl'I"1. (Ill .\d,lIal ';Ill""l.
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Figure ,1.16: Simlilation of two-loop (Srf~J arltl tOrfjllC) I'MS HlI,tllf llrivt:. fa) Rot',r
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Fi~lIn' ·1.1,: Si11l11lillioll "r lwo-lol'p (speed mo torque) PMS molor dri\'c. (a) Phase
'·lIrr,·uts. (h} llln'rl<'r output \·"ll"~l'.
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Figure 1.18: Simulatioll of two-loolJ (srH:(~d and torque) PMS fll"t."r ,lriv,' (,I) H"[N'
ellce torque. (b) C':lIerat.~ lor<IUe.
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FigUfc-l.I!J; Silllulatifttl uf lwo.loop (sl'l...~1 :I.fIIll(,rllllt~) 1'),IS lIInt"I' dri",~. (:1) T"rqlJl~
4.4 PMS ITIotor drive operation above base speed-
Field weakening method
loyll",f"II,,\\'i"I',"'pl;,l,j.m;
\'~ := j"",'\,I/ (1.1,";)
LUI 110;01 ill .mln I" ,,),taiu I.lI'i.',- II ... rah',1 Sl,,~'d, 1))1' Ic'rrllinal 1,,,11 a>:.' ha~ 1" I",
ill,'ro'as",1 1" alr""sl Iwi,'., IIll' I"l'l"illal 1',,11 ;',I!,,';01 lIlt, ralc~1 sl",,'d, If it i~ a~slllll!'d
lIIal- I.. , _Q'I,li,',lt" 1,lw ,lrh'.'. s" Iltal II", I.-rmillill \,o[tag.- will lJ1' n!llsl;\llL afl.'1" IIll'
,,1' Ilw 1',,\,,1'_ 11,,1 It I1I,1!, ,'all Ill' oI"lI<- "n 111<' l'"t,,1' si,I.- rrollll.lll' fOllll"<Jlp"int "I' VI"II',
_, ,lin,.. t .I,~is .. "n.'111 ""1111'''11''111 ill Ill" r"l"titl,~ fr;'IIl<' a,~is ""11 I,,· ~(,Ill'ral,'d whirh
will "I'I"'S" III" 11\,lill li,'l.! I'r,,,III,-,',II,y Ill,' Iwnlli\llC'l1t Il\il,~Ill'r. TIll' p(Jsiti'HI of r1li~
,'unl'1I1 ,1Il.1 tIl<' l'l',_11 It alii l<'rll1ill;,II'l,ltaJ::c' an' sholl'lI ill th.. ,',-,dol' cliill!,ral11 (Fig ,I.:!U),
11"11"" til<' ,'sl'rl'ssi"n 1'''1' \ ~ is 11II,,!ili,'<1 ;'s:
\~ = (,' +.i-'. /..l.i I; + j ...,. f.,_/.; + i-',·\,\/ (,I.I!ll
;-.",
86
In L;:jlllln"/tllllilin. it "O\III"'wtill"ulhlll
tI~' - 1\ ~II"Il!i;- =;f{.·d
0,_
(1.:.'11
Trw ,.,1I11l/om"r,.. 'If rlu- 1,1,,"k ,li";:'Tlll/i liT" 1.1... ~.II11'· .,'" in Fi::. 1.1:1 ",,,'\,I f"T ,Ill
lul,lili'lIlall,rl'Il,'11 kll"WIII,,..lllI'il1l''l:.TlIlt'T 1,1,,,'" [~I. lIs 1"'l"J" ....·,~ ",.,1,11'111 ,I,,·
dcm1l.);U,·li~ill~ "'ltn'lIl 101",\"1' ,I... I,,,,..,· ,..1"....1. '1'1,,' ""llll,"l"r sill,nll,'i"11 f"T ,lli,~ •"/II
1",'1" ,Itj\'" i~ ,1""" ill sll"il II \\"I,y "', Ihl'! il ,'I'll I,,· "lwnllt',1 III illl,\' "1"',·,1 (,,'- .,111,\'"
ut l)('!ull' till' l'lls,' SI"·,-,Il, Tl.. , 11<,\\' <'I,lltl is sll"\\',, in Fi::. r.:!:!, 'I'll" \;"""'" .,1' rip'
/\', = 11.1. h' l =: :In. /\-'0 = lUI,',. "1 c:: '!1I11 IUI,I /\'" = III. Il i~ I" I,,· 11"1,,,/ II",.
the inverter volt••g'· is <"CllLSlI'lIl Illll!lurrl"" ,j,"'Wll,"iI"', Tlw "irlllll"ti,," r,.,. .. lb .,1" "I,
sl','Cd. 1'ot'I'll'-sl',.·,lll1l.1 \·\lll1'J.;,·.sr",·,1 dlar;"t,:ri."li,'", I,r" "r,t"i"",j f""" z.·", ~I",,··r
1.- II . T,,,,,,r.·,
'."'" ,~. III
':..:....
Fij.\IIl'l·I.:.!:!" FI,,\\" ,-Ilill'l rill' Ih'
"11.\" sl"~'<l. ,"U11llllll ..r Si,lllll.)ljoli 'Ir P~[S Illlllor ,[ '.nl ....upl·ral1'd,ll
~"ltltll1•• ,ml'll' ;'11,1 .<I,.~~l ,'s ,.IIO,WII in Fil:. I.~"'. Th,· "I,,~,I r,""I"'u",' I'r"I,I'~ll in ,Iri,-,'
willI 'lilly ,.1'....~1 1",,1' h..~ I"~'n lIlillimiz",1 ill .hi" "'11111'1<'1.· ,Iri,-.· I•., i111,,,.tll.-ill): au
il.I,litiunallor'IU" 1,,,,1'..<'lIl1l' il" ill 1l1,,,lili,~1 ,Irin' 1Fil:. 1.1:1). 11111 :'11 , "h"lili,~1 ,Iri,,-
rallhnl Ill' "p.-r'II ...1 ill",,'" II ... I,,,,.,· "'1', ... ·01 1""";"1"" "I' ,h,- ""ilill,~ "f illn'H'-1 I"II.,C.'-
Tl1i~ pr"I>I"1I1 ha" IH"'11 ",','n'ulI'" h.l· lIIaill,aillilt~ II ... ,."jllll): 1·,oIl.,c.'- "r II... 11''''-1'1'-1
a!Jm·.' II... h.l~" "1"",01 hy 1111' Ii,-I,I 11·(·ak"lIillP. 1111'1111,,1 ;1" ~h"Wll ill Fie.. 1.~:O:. 1'1 ... ",\,"
p(J~ilioll and lh.' Illlil \"l~'l"r" <JI"ailll~1 f"r II.i" 1",,,iti"'1 "'·I1,."rt,·,.~ ,rrin' .",- 1,·r"li,.·ly
'·Urrt'lIl ""111r"II"r.'Il<1 ,....l1ao.:.'· ""'r...· ill',·n.·r.
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Fif~lln' .I.:!:l: Sil1l11I;~l illil ur ~(,Ill'ral r~lS dri\'c operated al various speeds. (a) Refer·
,'un' ~lw""l. (\.) :\.'llIill ~p,,,,,(l.
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Figure ·1.2·1: Si!l111laliOll "f ~l.'lll~ral I'MS driv(' o[H:ratl,d al w,ri"lls sJ,,,·,L~. {;Il H"t"r
posiLio!l. (b) I'll it \'cct(}r.~.
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Fi~llrt' l.~!": ~illll(l;11 ion t)f gt'lll'ral P:-'IS drive operated at vafiou~ speeds. (1I) PhllSc
.. lInt'IlI". (h\ I"'ak I"Ultap;~' of the in\"('rt~'r.
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Figure ·1,26: Simulation of general PMS driV(~ "w~ratl~.l ill variolls ~I"~l"ls. (a) Hdl'r
':llcelonjlw. (h) C':llt:rat,~d tfJf(l'IC.
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Fill;m'- ·l:!i: ~;Ill\ll,'li"ll tor M"I\<'l"illl'~lS dri",: op<."r<l.lM <1.1. IlUriOllS spo:cds. (A} T'orClue
n'IIII"\l1O'lll "11110'111. (I,) n"lll;'~l1l'tilil1g<"UIT<.'I1I.
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Figure I.~s: Silllillali'ml,f .~~·I\,·rl\ll'.\lS ,Irl\"! "J",rM,·,1 ill. v;uilJlI~ .~I":'·fl~. (;1) l"r'lIW
\'S S]H.'C'l.! char~d,!risli,". 110) \'"Il;U~'~ vs sp'~:<1 ,:hMar.l.·rislj,:~.
4.5 Discussions on SilTIulated Results
i:. 'I~.·.r ". ,,'1;'1"1"" "I "'IIIlI"'II<1 ~I,,·,·,I alld '""dill!.' ,·rr,·,'1 ;._ 11,,1 "f r,rilll"n' ,·,'!!····fn
rr"·It",\.\lIil'l,r,·"flr, .. "III'''tUI'· ... llt,·''I,'rr'''''"'·l',.,,tr"II.,rl.1p,dril"·llIllilll.l·d"j"·II,f,
r\"'·l'llI~. 1110' "I,..,,· r". t~ ill Illilid. ,iltl'lf;,li,OI' hil~ \""'11 ,·;,rri,·,1 "Ill lI,ill!!. ~I""'d ill II!"
1",·,!I ..",kl,."I.',tlll_I.I.ill,·I,·!IIT"'_I""I'O·'I,·...; .. 1\.l'.r'I",··I.I"I"l'l".,ili"II;lIl:.:I,·.llllil
.'".ld.' 1't'~I","d, ;"·,'.'r,Jill,~ 1" 1110' ~I",·,I ..\rrll;'III1'" '·lIrrt'lils. \1l1il \"',·I"I'~. n'Ii'n'II",·
1'11"1'1<"">1111"01"'111 "llrr"1I1 "lid ill\'{'rln ,nlll'111 I'oll;,\!,,· 11;\\',· abo, 1"-"11 ;11[',-0"11'" rl'lJtlI
Il'all._i'·111 ••~,'ill;,1 i"I1.". IIH"'I'I'''I',t1 i"Tl "I' ;,11,,111<'1" f(·(~\1,; ...k 1",,1' 11"1'<1'1<' 1""1' I lIlak,-,; 1110'
d 1"1'" "_~"1I1 i.,) 1.\' II" '1" _I,d 01.·, rh,' I"·.'IH'II"·~ h"I',· ill~" I" "II ill I!,!" "',,, I ill I II<' II'" lI~il'111
1""li,,,1 ", ,·.w I,,· ""11 fnull Fl.:.:..'" I.J-, I" I.J~. F"I" rhi~ ,·,,,,tigul"ali,m Ill,' ,11")1'" IHI."
tilll<' impl"IIll'lltali"f) "f lhi~ 1.\'1'" "f ,Irh'" i~ I',,_,~il,l,' wilh .,.'llI!,lil1~ (,'-'1110"11' ,\' ill lh,-
kilu-lwrt7. rnll;,' h.l· lI~ill~ .bl' \",;11'01 i:!'I-
Chapter 5
Experimental Results
I:'JI' th" ~1J'·'·I·~.,r,,1 "I"'filli"" ,,r !"'Sili"ll S'·II,;"r1('.~S 1'.\IS lJl<lt.ur ,lrin'S, 1.11" ~illllllill,',1
n,l"f I",sili"tl ;111!!,1,· ;,11,1 1"O,1"r ~lw",1 lH~',1 til IH' l'l'Tiri, ..1 ".xpNiIlW!lli,lly l"f",,' [he
i'III,I"'II"III,"li'lII "f till' nlutr,,1 ~dI<'111'·. F",. this »uq!osc. Ii lahQralory 1'''01,,1,)'/),-
1I\,·;,slIfl'd. [1,;ill.~ t.ll<' lIl'·;lsun.. 1 pilr<'llldt'fS. till' sllllllIHl(',j n'sliits of til<' P).\S mnlur
5.1 DeterIuillation of the magnet constant, AM
III till' ~"llS"fh'ss mll,r I,nsitiutl .,tIll n,to,' SIIi'lOll ('slilililtiollS (l'CjuatitllIS (:1,17·1) and
p.["j"(i]\' Ilw lIlil.IlI,..1 ,·"n~I;1111 uf tilt' 1'.\IS mulor, is un" of till' l,arilllLl.'l(T~ whidl
1I"(',b ttl 1", 1':lI",-fnll.\' ,!t-1<'lluilll"1. TIl\' rulnl" uf till' (·slwrillll.'ntal P1o.IS motor ll~cd
is lilt' :\,·,,,ISllliI11l1 11"1""11 Iroll 1"'\lIlF,:) l'<'rIlHlll,>nt magnet. The [l·[1 Cllrv,' of lhe
N,[III"'lllilt\II,'I.' ill 1[1'- s,nl]ld llllildl"illll is ,1 strilight hUl', Thlls till' magut't l'ollslalll
,\t·
sllpply :. 'T
l';,dll'lIl"I"r
Fignr,· .'i.I: Expcriuk'lll,11 ,...1, Illl f"r Lilt· ,j"I''flllinali''ll ,.f 11I0l.~lld ""11.• 1,'1,1 \'1/ .
.\" = W:'\·;':::;~'::"I
llH' rur,,1" is 1',,1011,·,1 ill "'"I~r;'111 ~I"~~I. ·rI,,· ill,IIl... ~1 "mf ill rill' I\·ir,.!ill.c. i~ l,ro'I".r
'-iOlial III I Ill' 11.001-\1 ...ri,· rlux. l'sil'~ LI." 1'l'!ali'lllsl,il' "f"'I,lari'"1 {:•. II..\.11 ,';,n t)ms
ami ullu:r fa"lurs as 1\"1,11. Iim!.·'·",'r, 1."*",,...,1 ,Irh'" "pll'/l1!< ;,r<' :.1,,1,1., \\"ill, ;, s"l'IlI
be IIs ...,1 for ll.i... pn'SO~lIl w"rk.
The c)(pCrirnclllal.~d lip fur llll' ,h'l"l'Illinati,," "r '\'IJ i... :.1,,,WlI ill FiJ\..-,.1. '11", to",!.
l"d1UIlII:I,'r i~ ""...11" 1I'<''':.lIn' Ih.' r"l"r sp.~"r. 'I'll" "Xl,,'rillwlll,,1 n .... ull.\ ;,n' ~jl'l'lI ill
IUV
ralil,' r•. I; Op"11 ,.ir'·nil v"llill!,l' itlll! rlloll!;lll'l ':"Il~liHlt at \'olrio1\s spce.ls or P:O-IS rllolor.
["alii,' ."i.I. TIl(' .. wra).;.' \'alii<' "f '\'I/ I,a.. becn found as
1"'lIdixIJ,
'I'll<' v:ol",·"r .\" r"UIl') ill th"".-::p,·rillwlIl i",ll'prlJxiullttcly "UII .• l;lIIl ;<1. "\""rysl"'"rl.
'1'111' Sillll" "XI,,'rilll"l\1 Iii'S I",,·u n·I"·al.,,,1 arter l"II1111il11'; tllllll1olor for s,'veral l"ull'S I.u
,·IIt',·k 1\·lu·l.lu·r 11,,"'" i~ i,n,I' \'ariill i'"l "f '\.\, with lO:1111',·rollnn'. Nu ~i.~llilkfllll \'ariaLiull
"r '\,11 wil,h 1."llqJl'I'i,ll1l"l· \\'i'" ,,1,s,·r\',·,1..
5.2 Verification of rotor position angle and speed
using sensorless algorithm
1.',,1' th,- ,",'dol' """lr,,l ..f I,ll<' Po\lS lI\nlur, till' siwed ("".) 1IlI(ll!l{' rot"r position angl!'
(11,)Il,~-d"IO \... sl'lIs,-d, Tlu'l'l"<'s"nL n'~l-ilrfh ,kals with llIechan1c;d S{'llsorl'~l\S on line
'·illndill.ioll or ..l, illlt! 0,. For I,hi.. l>Uqms(', ,-xpr~-ssioIlS of ...., itlltl 0, IH\\'C lll't'll derived
ill ..hill'l,'r·lhn-,'. Tlw paranU'lt'rs vftlw t.-xpn.o:;sions for l'<!ualiolls (:1.1 i·I}1Illd (:I.li())
iHl' r"lIlld I'xl,,'riml'III;\lIy and llsin~ dll'l'" l'ilrill1WL,·rs, lhe rolor PQsit;ulI itnd roLor
s\,,~',l llil\"<' 1"'''11 sill\lllilh..1 for "p,'n 10"ll f,)I1t!ilioll. III addition, the inl'Ut. pow,-r,
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Figure 5.:!: EXpCfi,Ilt'lIl,11 setup fUf IIll' \",·rili,·;tliull 'If st·lIS"r1,·..;~ ;,I.e",,·itl,tIl "I' 1'.\IS
angle of lIlt: p~rs rnotur in till' ,-xp,'rim'·IIt. T1II'.~r,,·,·,1 ""', "I"."i!ll~l i" till' "xl"'rill)l'nl
is us('(1 ill tIl': rollowill,r;t'Xpn'liS~JllI,tl linll th.' mll,r 1"0:;11;,,n.
0,= l'-·,(l)+ O.flll
filhm is shown ill Fill:. ;).1.
Siuusoidal VUllilW' is "pplil~ll" 1./11' 1t'f1lli'I',ls ..r ll ... J':\IS 11~,t"r" 'nlr'~' fll"Il~-t,"n;
arc rOllllt.-c.tl.'(l ill sl~ric:< in till: lhn~' 1'1,,~,,'s ,.f th" ]';vJS lIIuL',r t" ,r,·t'·l"Iui,1l' tl,,· [,lllL"'"
I;urrclils. Two·watt'llctcr tnl~tllf!lJ iN I/.~,"l I." ,1"ll'rIll;'," th,' 1"I'U1 p',w"r "r 1.1,,· ",,,t',r.
\·ollll.J;l' iu,d ,:urn.'I,t ill "rol"r ltl '!'.'l'·l'Iui,w tl... pJtas,' ;,uII;I,·. ,\ ,Ii"a.: i" m''''IIl,~J "'I
Ill:..!
T;,bl,' .'1.2: Silllll);lti"u ;!lul '·.~rwrilll,mta) l"I'lo;IJILs of op':lIlu,,1' P.\]S motor.
Tal,I,· :,.:1: Sill1I1L,ti,," ;lIu! "xI"'l'im"!II;,1 r"r,,1' pn",iti"n. flr "fop"11 l(Jup P:\IS III"t"l",
illd'w,·,1 \'"It.;,.c,,·. Thu", rill' ph;,,,,I' ,lisl'la... ·lIll'lI1. 1""\\'I~~11 1.11<' ;\ppli,',J \"ol1.;\,c,'· alii) ill'
,lol",·,j \",11;,,,,' i,., 1"1""1"11,·,[ \\·11;,·11 i,., t!r,' I,mlll" arlg!,· "f 111" 111,,1"1". Th,' Sllt·,·,1 "I' 1.11"
1lI"!."1" is ,,1,lai"",1 10.\. IlSill.~ a 1;...1ru·.C,'~H'·I'al()r and is ,lisl'l;'Y"d 'III Lhl' lJ.~,·ill(ls,·oJ)t',
Th,' sililutalj"l1 ;,"01 !l'sl, n'slIlls ;,n' 1;1],1IIal.",1 ill Tahl.. :"),'2. Sillllliatioll <11111 c:xllO'ri·
Itll'nl;11 n·snll.s 1"'1" Ilw r<,lur [,,,.sili"11 ;lllglI' ;In' tavlllal",1 ill Tabl" '-;.:1. Vi/!.. :",,:1 sh,)\\'s
till' sil11l1lalr',1 alld '·Xl)1'l·i1l\"III.•.I ror.ur Pllsi1.\UlI. TIll' 1,Ints uf til!' "xl'O'rinWlI1.al phil.sO'
illl~I,' ;11101 t"r,pw all"I,· ,,1.1;,in,·,! rr""1 til<' ,,~rillusc<JlH' illT .l,;i\~·11 ill .-\I'l"'ll,lix t\.
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Figun_ 5.4: Simulaled and experimental rt5ults or open 10011 PMS IlIfJtor: (;1oJ Simu·
lated rotor positiun an3~ Ib) Experimental rulor \Jw,itiou "'ll~l,·.
5.J Discussions on the experimental results
TIll' "'11'""1'1. lI( u"ilJ~ ~t"i"ly·st..t(· "has"r diilgrlll!ls t" ,1,.I"rrllilll' 1,1)(' iUJI1l1. voltagp or
tlw ,Iriv.· ....yskm ;.... <lII[lfl'I'I';al<' ilS tIll' l"ffl'H' IIngl.. f"HUd with this pll;,sor ,li;\gr<lI11
is ;,1111"'1 l.h,~ SiIIllt· ;L~ lIlill. ("1111.1 e.xl'l'Till1cll~al1y. Thus. ill ~lrt.' .hin· system, th(,
illllll( 1'"lt;L~" ,,( 1,1", P:\IS 1Il"!lIr ,1111 II!! C;LICIII,l~cd Ilsing:. ·::tlioll (·I.ll) rather thim
IIsilll!, ;ul,[il.i"lI,,1 S"I\~l>rs. This will lIot only sim!Jlify ~hc s)'stl"1lI but wi1llllakc it less
iJIIJ,lyill.~ that ",,·[i'lt" o'ill,.,rlali,," "I" nll"r I,,,silioll il.ll.l;I,· ";'11 I". IIs.. ·.1 ill LIl,· pril,·t.ical
111,,1"1" is 1111<[,01' pr"r,.s~ at tIll' l'''W''T EI"'·l.r"lIirs lilhoril((lI'Y "f ~·I'·IJI(lrial I JlIil'I'l".s;1.y.
This pill-I is 1",),,,,\,1 I Ill' "til I I'd sn'I'" IIf til<' 11l'l-:<'·1l1. illn~tiJ!;al~JII.
Chapter 6
Conclusions
This '.h...'Sis ...·xl,lvn·,; tilt' r"l.. uf th,· /'~IS lIIut"T ill ,Iri,',· ",)'''1''111';. \., ,'"nl n~
slrall'gY hall 11<.'1:11 '·"llsMll'Tt...1 rur liw "IM-ratiun "f th.- 1II"I."r. Tllis IIwll 1 l""luir.':!
information rt~ardillg LIt<' SIl...."llll1,ll..Jsitiuli t,r 1111' nll"T. 1':lilllill;llill~ lIlt' nO'I"."·
Chilplt:r lWII iovt.'StigatO:;::<l \'llri"'b .wIWIIl''S "f t"L"T I.""iti"n ,[.-" ...,j'>II. f""III"'I:o
docunlCnt~1. IIsillg ax.!!! trauNfOlTll1ali"lI 1,lus>r!'m, r"tor sp,.·,1 al.. l r"t"r l'"sil,j"l1 f"r
figuratiolls lIilmcly 0l,,~n loop PMS rr~Jl"r. P,\lS fJri'l'~ willi ..Ill' (...·,Ilm,·k I"or' h,,,.·,1
loop) alld IWII feed hack IhllllS (sp" •..-I allft t"r'IIl'~ J'XI,'N). 1ta.....1 'm till" p-:-'llts "F 11,,-
11)!.
lll"I' dl'iVl' sysl';llls w<>II1.J I,,· ,,1.1.. t,u f'"(,lll!ICnsale (ur allY ill~t;,hiljt.r whirll i.~ likely til
;,ris.· .III" 1." tit.: ;,bpqlt dl;UI~P <If IU'lll -" prGhlcrn which is illlll:rell~ iu single loup
'lriv,:, For v<lri"bl<' sp,:,'d ;If: llll,lor oIri\'f:s, prohlems always arise wlil.'lllhc IIlulur rllflS
,UlllJ'lIIl t" IMlall<'<' t1l<l l>ilI'k cll1f \Vhil'lI is Ill'uportiol1illlo tl.<.' .~pl't:d, Fi,·!,J \\'('akl'lIiug
"rtl,isdriwhas;,/so I,,'t'li Iwrforllwd: at](ltll('l'(·,.11ts>\l"(·ilJ"g:n~'llll'lllwith tlu·tlw-
"1"<'1 i,-al "'!IIn·pls. III ..]1;'1'1.1'1' liv,'. I,"sts haw hl,t'lI p"rforlllL't1 01] tlw ulI"1I 10"(1 P~dS
111(.!.tH' ;l,ltl 11", d;ol;, "I.I."illl"! 1'1'''111 till' I.'sts Iml"(, h"'11 'IS,'<1 I,ll ~"'l'ir\" till' S.'tISOrl.'ss
lhal, "hL,itwd "X\lt'l"ill1l't1lally. thus ['ullfirtllitlg Lltallhc opt'ratiol1 of a sl'lISorlt·ss P:-'IS
,lriw i.• possibl,' wi1.hoHlllw physi,·;t! tlU';\S]Jr('lllCtil ()f tl1P input ~'oll;IW"
6.1 RecOluluendations for future research
['his I1l<'si.' I'rimaril.,- f"nts,'s lin Illl' nJll11"tll'l SiUtllla1.jun uf S!Hl''(! alld pusitioll S,'ll-
S'lrl.·SS I':-'IS <Irir,' sysll'IIl,'. Thl' r"lk.willg rcrollluwlldatiolts have 1J('l'1l llla,l(' fur the
1'1,;11 titlll' itllpl,·tn"l1l.atililt of tb.' prll!,tls,~l '!rin'.
Sit",<, tilt' \\'lIrk .1 •. <Is with Ill\' nlmputation unset! rotor \Jusitioll dt'lt'l'tioll It,..-II-
ui'll1\' r,lr I,lli' \Whlr nmlml Ill' [',\IS 1lI.11.11'S. high ~pl·,'tl digital signal pron'Ssnr (<lSI')
Ill,
is a tool for tlil' n'al tilll<' impl"I1l<'lllatioll "f llii~ l'r<lj.',-t. T,'xas lnsll"IU"'lIl 1".\1
SEV~I;30 ,l~p is ,·ap,<!,l.. ur J','rr,)n\lill~ H,'''lill~ p"il11 Q],-ll1il,i,,", \\·i, I, ,'xlrill'r,lillilr.\·
Ill~'(1 for l'ariOlis l:llllLr"l1"rs in till' dril'" sy~i<'lll i~ ,,1~<1 rt'l"lHllllI"\l.kol, This will ill
clrL'd greaLly L'nh;ll1cL' lht;' t'thCklH'.I' or LIlt' ,~,1',~"'lll awl milk.· it j"ss ,'xl"'II~i\"'.
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m'w SI·uli<,rlt·ssal'pftl;,dl". l'Il_·,.-.li"!I'~"/I>I"""I",IIII""',n,,, "/I / .. ,'/1 m,,,/,,/
.1I"fi.m ('""t m/ SII"/' m.' /1",1 I/, ri......'. I~J~HI. 1'1'. :.!:II :.! I:.!.
!l-,;.." E( ',\1 ,Il'iw", ('oll!,n "'" /',."." dillf/" "j 1/" "ull, . 1"",,,'/ lJ'!'/Il'/ /','11"'"
1~ll 11,,),1"':'"11, .J.I'.~I .. n,\ fllll·w;t\·" ,",,1,,/ ofri,·,· II' I",s," I ,," II ... 1",..1. 1-::1.11'
"lIsill; "riltt"il'h'~' II~·I'.F '1""",.... (·"",;n/lL. I}, ,.,"'". \',,1.:1:, . .\...:1. '\"1.;""'.
1111 Alll<lr:lllLll,!!;;I. C;., l'wI,tI. I\.W.. T~ •• M.. ;,url ('r;",t.·y. It .. -.\i .. ~.I.·.rlil'
C:l.IOS 1(' furdtr.'O·d tUlIP ...",./<,1 "f st"I'lIl"t,,1" . JI~'I·.'I:' Ii""., "" 1".1. N"
lmll. V,,1. :m. :':".·1. :\"v"I'II",r I~JS~I.I'I" '-,:tl·:, 1I.
II:!] P;u,.ll'. S.I\.I<1111 :\",II/I",,").:,it. l; .. "SIVil.-!,,·,J 1',·I",t;""·'·lIu.t." ,I,;,... · ":itl""11
.lin',. r"t"r pll.,il,i"" ''''IlSill~~. (:""/,-,-,,n ,.,"'orol ,,( f.'I.'1I/ II~'U': ',,,1 lJII,I.
IIIJ
[1:l! FI'lI~ . .1.11. ;,,,,) 1\"". I~.(' ·'('I'N-d·lIJU)J "'lIltrr,1 or ~l<'!, lIH,l',n with'''ll f,-."j·
11"1",,, ('''"!I'I</ ,....,I-,ll"'., It/It! Ih,-i,',,_. 1·r1';U1i'. II... I!!'j"(j. 1'1'. I-I I.
II II 1\".,. 11.( - , "(Ju "Il't"11i ,1,.1",'1 i"l1 ill \';,ri;,I,I'~'l'<'hl<"II'I]<"" ~I"I' 11I"I"r~M_ I'm·
,'"dlll.'I.' "fll" fi/I, :III/IIIlI! Sljll'fl".,jll/IIIJI' !t,,·nllll'lIlnl.l/fJl;1I1/ (·lIl/lm/SiI·"
/,1/1., "",//),",,.,,,.1'1"1';'11", II., 1~1'j"'j".I'P.l(n-:UO.
1"", ,,1' "'(,,"1 ;1I1"~lilli"1I 1"'h,,i,I"'" I" -wil.-lI<',1 ""11]<'1;'11'" w"'"r dfin',,"
( ',,"I, " 1/,', ,., .,,,,'d ".r 1'1." IfVI' IlIrI, .-1 "1.1. S,,,. . ..1 "",,,d .11" lill.'/. I~l:-:S, p\,.
111.1 11;'1"1'1.,. \\',1). ;,11.1 Lorl~ . .1.11 .....\ "illll,I,- 'liutiull ('~lililill"l" f"l" \'ari;tl.l,·
,," 1110/. :11'/,111",1;""" ",,1. :.!,.... \:". I. ,!;llIllary/F"I,ruar.\'. I!J!J:.!. JlI'. 11;-;·I:\."i.
11,11,',11.
11~ll I.Y"II.- . .r.I'.. .\liw.\1iuli. S.U .. and Pl"t-~t"l1 :lL\ .. "flllx/nllT"II! lll<'lhutb ror
Slnl n,lor Ih,~iliotl "~li1l1;,liulI', ('Ol,jO'''''I"'' !'._('lmf oj If/.?f !l;'EH !url, .·1/'1/1.
S.".. ·11J1/1I,rf .If" till!l. 1!1!1\. 1'1'. ·l~l··I"'i.
III
[:!OJ Ertllgrul. ;\, and ,\,';unlt'Y. 1'.]'. ~ ,\ 111'\'" :l1J=."ti,llln r••r ",'u""r1•.,.,. "''''f.'' i..u
S",.. ,tllll ~1l1 .\1" Ii".". 1~1!1:!. 1'1'. II I--I:! I.
of a mitTl..."mplllt·r lI"illl; all ..I."'·f\',·r~. 11~'/:''': /illll:<..." 1"'1l',r .11'/~11ll1".•
I·I:!.
!:!·I] 1>1,,,,"tlillJi.II..:\ l"h'III.:" .. ;'\"rlIlIl.-I),.,.,i;:'lll,"o1illll,1t111"hl..1:..11 "f.lII'-'
lo'1tol.~1 1';';IIlHlI til','r fut III" .• lal.· ,.,.1 ililollj"l1 "f it I'~IS\I-. "'!ld", I ',,,,/nd
:1/J,lw"'",,, "."" T,IIS.I}') /';/l/Iil!/,S,I,d,,1 Andi,-"'",,, " ..1, .•_"I.·x.,. 111"111
111<'111. 1~1.'1. 1'1'. :,.·..·,.:~Ii~.
[:!t,1 J",U"S. 1..:\ .. ;llllll.<llll!,. 1..,\ .. -:\ ,,1:,10' "I.,.,-t\"r-r for ell" \...1'111;.....111111011',"'"
~Sl1dlrOll"IlS tl",l"r~ II:}.'I:' 1'...11I .•. ",. /1/11. '.;f"·',u,,,,,,,, \',,1.:11•..\;fLI. ,\"
[:!l'j \I;,',,"i. \. illid ()Ii;I~hj. !( .. ·IISI' l,a.,,~! ;"I;'1,liw ,,,"1,,,1 "I., I., ,,-,I, In" d.
111"'''''''' 11:'/:'/:' 1/1/11,_. "" Iml. ,1/,/,li,."li""._. ""I.:.!x, ,,",L ~I;'l' I,; '\1" il. l'j~j'2,
II ~
1~7) ~1;,tSlli, ;.;, and Sbil\}''', ~l" "lirllsld"ss dc mll1.or wilho1l1 I'usition i1ud
I:!,'il 'r'lk;,h.."hi, J, all,1 '.1';,1,1, .\I,,·'JliAIJ r,os"llllioll I'llsitiOiI "ulltrol 1111,I!'1' I scc,
"r all 1.~llVit11 rul! dij;itiz,',llJl"thulr', ('OIt/I'Il;""( f/''I'{HYlofllll J.fJil,fJ lEEr::
r:ml ,\I,',hkat, S, alld :\111110'01. J.. "r'Sill,!:, nSl's in 111' ill,lw;li"l1 tJlotur rlr'i\"'s".
fJiyil,,1 ('olllml"lpplin/liIJ/I ",il/r l'..IIS,'/:HI F'umily-,"',I''I'/",t"ll'f/lil'rllioll /1fI/,,~,
1'. 'X:I sIlls t rlill., 'Ill. I~ I! II, 1'1', :lII:\·:lOli,
[:I~1 ~l.t'il\"rillt,s"t1. II. ;lIld :\sl,rolll, .1,[\. ~DSP impJ,'ll1t'nt"tiuti of i. ,lisk ,h,j\',.
""Htnolkr", fJi!liflll ('"nll~,I'l/ll'finllm/l wilJl T.IIS:I:!IJ '.'<llIIi/y-,"',/,dn} ..III'
I"i<'llli"/l /1,,1,.,_, T,'xas Itlstl'lltlU'lll. I~)!ll, PI" 2:m-:n:I,
1:1:11 l.,,,,.,tlwi,'r. Ie. .'idlltll1'wlwr. \V, <twl L''<lllh'lf(1. \\'" ~lirrul'run'ssur <'1m·
t r"lkti a,' Sl'f\'O driws wit 11 s,\'llrllrl.llHI1lS ur ililltldiOll111\11nrs: II'hi<'ll is pn'fcr-
11.1
19$1•. PI" :'I:..!,SI!J,
drin'S: Appli"illi"n" "l1Olu.'\\· "·dll1"I,,~i.,,,~, IFf.I' I'1l"'._. ,'" I"J. \1'101".",
Ji•.".~. \'nL:..!:I. Xu.:,. S'·l'h1111",r/O,·jnl,,'r. 1~I:'i.I'I" Sj~·S."H.
[:1:11 Pilli'y, P.. ,\!I"Il, ('.n. ,,",1 Bwillilhilidili. /I .. ~Il,'il' "a.~,~1 \"~"lfr illld ,'urn'1l1
,",ml.r"I\,'rs for ,I 1'~[S:\[ <Iri\"'-, ('",,!, ,n, ... N"'unl "I I/', n:,..,.. I,'I'II) 1",1
1,lpl, ..\ II/II!"/ .\ I, 0/ i" !/' I ~ I~ lIl, 1'1'. .-,:I~ I· :"•. 1-1 .
l:mj qiilll .. I. illlLlllilhlwUI. :\1 .. \ .. ".\lli,lysisBI"llIli'·""I.n",,·.'''''1 ''III.lnllL'lll,01.i,,"
"'·lIs"r-. (;/II/,n,,,', NII'mvl "111,, 11:'1:'1:' 1!I.'JfJ 11/01, ..11'/,1. \111""'/ .\1"',,,.'1,
I!J!IU. "I'. :~H·:,:.S.
('li1J.~, KI. I~JSH.
1·11] ViiS, 1'.. -\",'dor ('''ltlr,,1 Iff ;\(' ~J;ll'hill''S''. (l,m,,""" 1'''.0,•. (lff""I, j~I!JIJ.
Appendix A
PMS motor design data
Slal"r W~ist;'lll'" '"" = ~':ill.
'I-axis 11I;I1-\ll .. ti~.il1~ illdIlCt;llll'l'. 1.",./ = i.Slj 11\11.
oI·;I:'\:i.~ 1Il;'!:IIO'tizlu,t: indlll'lillin., 1.",,1 =:1.:1:111111.
I..,"'" I./.! ,"",, =='.IS;"'mll.
1',1::: 1. 1 1./...,./ = :Ul:,U.", till!.
11·1
Appendix B
Experimental waveforms
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